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Abstract
As the most bioavailable fraction of organic matter, dissolved organic matter (DOM) plays an
important role in the carbon (C) cycle. Heterotrophic microorganisms degrade DOM and release it to the
atmosphere as carbon dioxide (CO2) under oxygenated conditions. Some DOM may be more readily
bioavailable (i.e., labile) to microorganisms than other DOM. In the past, lability has been defined mainly
by DOM molecular structure, but more recent research suggests that environmental conditions such as
nutrient availability may also control lability. DOM lability has been investigated extensively in Arctic
lake and large river systems, but relatively little research has investigated the lability of DOM in systems
with more fine scale spatial heterogeneity in environmental conditions, such as ponds and soils.
Chapter 2 presents a study of environmental conditions and molecular structure as controls on the
lability of DOM in six High Arctic ponds at the Cape Bounty Arctic Watershed Observatory (CBAWO)
through short-term incubation experiments, optical properties, and chemical analyses. Chapter 3 explores
the role of soil DOM in soil C respiration at the beginning, middle, and end of the growing season across
the five major land cover classes at the CBAWO: active layer detachment scar, mesic tundra, unvegetated
polar desert, vegetated polar desert, and wet sedge. Soil CO2 emissions were measured over short-term
soil incubation experiments and compared with the optical and chemical characteristics of soil waterextractable organic matter (WEOM) before and after incubation. Results indicate that pond DOM lability
depends on both environmental conditions and DOM molecular structure, and is therefore dependent on
geomorphic characteristics which determine subsurface water and nutrient delivery. The soils study
confirms statistically significant variability in CO2 emissions between vegetation types. The study also
indicates that WEOM is highly labile and makes an important contribution to total C respiration. Overall
the results of this research contribute to the scientific understanding of DOM lability and, in turn, C
cycling across relatively understudied media (pond water and soils) in the High Arctic.

ii

Co-Authorship
This thesis is based on the following manuscripts:
Chapter 2: Thiel, G.D., Fouché, J., Lafrenière, M.J., and Lamoureux, S.F. (2018). Incubation studies
reveal heterogeneity in DOM lability between High Arctic ponds.
Chapter 3: Thiel, G.D., Lafrenière, M.J., and Scott, N.A. (2018). Investigating the role of waterextractable organic matter in soil organic matter cycling.
I wrote the manuscripts, produced the figures, collected samples in the field in 2016 and 2017,
performed laboratory analyses, and data analyses with the assistance of those important individuals
acknowledged in the following section. My supervisor, Dr. Melissa Lafrenière provided guidance in the
development of the fieldwork sampling plan and designing laboratory experiments. Dr. Julien Fouché
assisted with the interpretation of optical data and provided editorial assistance. Dr. Scott Lamoureux
provided editorial assistance on various iterations of Chapter 2 for conference presentations as well as
site-specific knowledge to inform interpretations. Dr. Neal Scott provided important guidance with
respect to methods and laboratory supplies for the processing of soil samples for Chapter 3.

iii

Acknowledgements
My most sincere thanks go to my supervisor Dr. Melissa Lafrenière and to Dr. Scott Lamoureux
for taking a chance on third-year me and hiring me to work in Iqaluit in 2015. You introduced me to
science in Canada’s North and for that I will be forever grateful. Thank you as well, for your guidance
and support in the field, in the lab, and during the writing process as a Master’s student.
A big thank you to Dr. Julien Fouché, as well. I do not know where I would be without your
PARAFAC expertise and your editorial assistance, which you generously provided long after your
departure from Canada. And Steve Koziar, I learned almost everything I know about lab work and
analytical chemistry from you. This thesis would not have been possible without your guidance. Dr. Neal
Scott – thank you for helping me navigate the unfamiliar ‘waters’ when I decided to dive into the world of
soil science last year.
Cape Bounty crews of 2015, 2016, and 2017 (you know who you are), thank you for supporting
me in the field and back on campus. I learned so much from all of you. Jess and Bridget, you two
provided me with the best introduction to fieldwork imaginable, complete with great tunes and plenty of
laughter. Thank you for welcoming me!
Kaj Sullivan, thank you for instilling some balance in my crazy schedule, listening to me talk
ceaselessly about DOM and fluorescence, encouraging me through long weeks of lab work, and believing
that I could achieve even more than I thought possible. Last but not least, thank you to my parents, Don
and Karen, and my sister, Stephanie, for supporting me every day even though you were thousands of
kilometers away. After six years, I will finally be able to make it home for regular family dinners!
Financial support for this research was provided by ArcticNet, the Natural Resources and
Engineering Council (NSERC), the Northern Scientific Training Program (NSTP), the W. Garfield
Weston Foundation, and Queen’s University. Logistical field support was provided by the Polar
Continental Shelf Program (PCSP), Natural Resources Canada.

iv

Table of Contents
Abstract ......................................................................................................................................................... ii
Co-Authorship.............................................................................................................................................. iii
Acknowledgements ...................................................................................................................................... iv
List of Figures ............................................................................................................................................ viii
List of Tables ............................................................................................................................................... ix
List of Abbreviations .................................................................................................................................... x
Chapter 1 Introduction & Literature Review ................................................................................................ 1
1.1 The Organic Matter Cycle................................................................................................................... 1
1.2 Soil Organic Matter............................................................................................................................. 3
1.3 Dissolved Organic Matter in High Arctic Ponds ................................................................................ 5
1.4 Permafrost Hydrology and Hydrochemistry ....................................................................................... 7
1.5 Climate Change ................................................................................................................................... 9
1.6 Assessing the Lability of Dissolved Organic Matter ........................................................................ 12
1.6.1 Incubation Experiments ............................................................................................................. 13
1.6.2 Fluorescence – Absorbance Spectroscopy ................................................................................. 14
1.7 Conclusion and Summary ................................................................................................................. 16
1.8 Research Objectives .......................................................................................................................... 17
1.9 References ......................................................................................................................................... 17
Chapter 2 Incubation studies reveal heterogeneity in DOM lability response to permafrost disturbance
between High Arctic ponds ......................................................................................................................... 32
2.1 Abstract ............................................................................................................................................. 32
2.2 Introduction ....................................................................................................................................... 33
2.3 Methods............................................................................................................................................. 34
2.3.1 Study Site ................................................................................................................................... 34
2.3.2 Sample Collection and Processing ............................................................................................. 36
2.3.3 Incubation Set Up....................................................................................................................... 37
2.3.4 Sample Analysis......................................................................................................................... 37
2.3.5 Data Analysis ............................................................................................................................. 39
2.4 Results ............................................................................................................................................... 40
2.4.1 Climate ....................................................................................................................................... 40
2.4.2 Pond Environmental Measurements .......................................................................................... 41
2.4.3 DOC and BDOC ........................................................................................................................ 41
v

2.4.4 Total Dissolved Nitrogen and Dissolved Inorganic Nitrogen .................................................... 42
2.4.5 Dissolved Inorganic Ions ........................................................................................................... 42
2.4.6 Fluorescence and Absorbance Properties................................................................................... 43
2.4.7 Prediction of BDOC ................................................................................................................... 45
2.5 Discussion ......................................................................................................................................... 46
2.5.1 BDOC ........................................................................................................................................ 46
2.5.2 Quality of DOM Biodegraded.................................................................................................... 47
2.5.3 Predictors of BDOC ................................................................................................................... 48
2.5.4 Disturbed vs. Undisturbed Ponds ............................................................................................... 51
2.6 Conclusion ........................................................................................................................................ 53
2.7 Acknowledgements ........................................................................................................................... 54
2.8 References ......................................................................................................................................... 54
Chapter 3 Investigating the relationship between soil water-extractable organic matter composition and
soil respiration ........................................................................................................................................... 72
3.1 Abstract ............................................................................................................................................. 72
3.2 Introduction ....................................................................................................................................... 73
3.2.1 Study Site ................................................................................................................................... 74
3.2.2 Sample Collection and Processing ............................................................................................. 75
3.2.3 Soil Analysis .............................................................................................................................. 76
3.2.4 Water Extract Sample Analysis ................................................................................................. 79
3.2.5 Statistical Analysis ..................................................................................................................... 81
3.3 Results ............................................................................................................................................... 82
3.3.1 Soil Respiration .......................................................................................................................... 82
3.3.2 Water Extractable Organic Carbon (WEOC) ............................................................................. 82
3.3.3 WEOM pH and EC .................................................................................................................... 83
3.3.4 WEOM Optical Properties ......................................................................................................... 83
3.3.5 Relationships between WEOM Optical Properties and Soil CO2 Respiration........................... 85
3.4 Discussion ......................................................................................................................................... 86
3.5 Conclusion ........................................................................................................................................ 89
3.6 Acknowledgements ........................................................................................................................... 90
3.7 References ......................................................................................................................................... 90
Chapter 4 ................................................................................................................................................... 109
Appendix A ............................................................................................................................................... 112
Appendix B ............................................................................................................................................... 121
vi

Appendix C ............................................................................................................................................... 122
Appendix D ............................................................................................................................................... 124
Appendix E ............................................................................................................................................... 128
Appendix F................................................................................................................................................ 134

vii

List of Figures
Figure 1-1 Permafrost controls on hydrology ............................................................................................ 30
Figure 1-2 Images of the three most common types of permafrost slope disturbance ............................... 31
Figure 2-1 Map of ponds samples at the Cape Bounty Arctic Watershed Observatory ............................ 61
Figure 2-2 Climate data for 2016 summer field season with pond sampling periods ................................ 62
Figure 2-3 Initial DOC concentrations and BDOC .................................................................................... 63
Figure 2-4 Changes in fluorescence properties of the 28-day incubation period....................................... 66
Figure 2-5 The five fluorescence components indicated by parallel factor anaysis .................................. 67
Figure 2-6 Relative percent contribution of PARAFAC components to total fluorescence ...................... 68
Figure 2-7 Changes in absorbance properties over the 28-day incubation period ..................................... 70
Figure 2-8 Relationships between SUVA254 and BDOC and DOC:DIN and BDOC ................................ 71
Figure 3-1 Map of soils samples at the Cape Bounty Arctic Watershed Observatory............................... 99
Figure 3-2 Example study site photos from each land cover type for soil sampling ............................... 100
Figure 3-3 Box and whisker plot of soil respiration ................................................................................ 101
Figure 3-4 Initial WEOC and changes in WEOC concentrations over the incubation period ................. 102
Figure 3-5 Differences in WEOC concentrations obtained from 0.4 µm and 0.7 µm pore size filters.... 103
Figure 3-6 Parallel factor analysis four component model ...................................................................... 104
Figure 3-7 Relative contribution of each PARAFAC component to total fluorescence in soil WEOM . 105
Figure 3-8 Changes in PARAFAC components from pre- to post-incubation WEOM........................... 107
Figure 3-9 Changes in fluorescence and absorbance indices from pre- to post-incubation WEOM ....... 108
Figure A1 Photos of ponds sampled ........................................................................................................ 112
Figure A2 Initial total dissolved nitrogen (TDN) concentrations for each pond ..................................... 115
Figure A3 Major and minor dissolved inorganic anion and cation concentrations for each pond........... 116
Figure A4 Loadings and leverages for the five component pond PARAFAC model ............................. 118
Figure D1 Loadings and leverages for the four component soil WEOM PARAFAC model .................. 127
Figure E1 Component EEMs for unvalidated five-component soil WEOM PARAFAC model ............. 131

viii

List of Tables
Table 2-1 DIN, TDN, and DOC:DIN for all pond samples ....................................................................... 64
Table 2-2 Initial values for fluorscence indices and PARAFAC components in pond samples ................ 65
Table 2-3 Initial values of absorbance indices in pond samples ................................................................ 69
Table 3-1 Initial values for fluorescence and absorbance indices in pond samples ................................. 106
Table A1 UTM coordinates and sampling dates for each pond ............................................................... 113
Table A2 In situ pond water temperature, electrical conducitivity and pH ............................................. 114
Table A3 PARAFAC component descriptions for pond samples ............................................................ 117
Table A4 Pearson correlation matrix for the pond dataset ....................................................................... 119
Table A5 Pearson correlation matrix for BDOC and changes in optical properties ............................... 120
Table B1 DOC and TDN QAQC details for pond DOM ......................................................................... 121
Table B2 Dissolved inorganic cation QAQC details for pond DOM ...................................................... 121
Table B3 Dissolved inorganic anion QAQC details for pond DOM ....................................................... 121
Table C1 ANOVA results for linear regression analysis between SUVA254 and BDOC ........................ 122
Table C2 One-way ANOVA results for pond BDOC between early and late samping period ............... 123
Table D1 DOC and TDN QAQC for soil WEOM ................................................................................... 124
Table D2 QAQC details for soil organic C analysis on LECO TruSpec ................................................. 125
Table D3 Samples for which repeatability of soil organic C analysis did not meet QAQC standards .... 126
Table E1 In situ soil temperature and volumetric soil moisture .............................................................. 127
Table E2 Electrical conductivity and pH for pre- and post-incubation soil WEOM ............................... 127
Table E3 Soil sample sites UTM coordinates and sampling dates .......................................................... 129
Table E4 PARAFAC component descriptions for four component soil WEOM model ......................... 130
Table E5 PARAFAC component descriptions for unvalidated five component soil WEOM model ...... 132
Table E6 Pearson correlation coefficeints for soil respiration and changes in WEOC over incubation .. 133
Table F1 One-way ANOVA for early season differences in CO2-C respiration ..................................... 134
Table F2 One-way ANOVA for mid-season differences in CO2-C respiration ....................................... 135
Table F3 One-way ANOVA for late-season differences in CO2-C respiration ....................................... 135
Table F4 Summary for linear regression between CO2-C respiration and SR .......................................... 136
Table F5 Summary for linear regression between CO2-C respiration, gravimetric moisture, and pH..... 137
Table F6 One-way ANOVA for early-season differences in WEOC04 between land cover classes ...... 138
Table F7 One-way ANOVA for mid-season differences in WEOC04 between land cover classes ........ 139
Table F8 One-way ANOVA for late-season differences in WEOC04 between land cover classes ........ 140
Table F9 Summary for linear regression between WEOC04 and C1% ................................................... 141
ix

List of Abbreviations
A350

Absorbance at an excitation wavelength of 350 nm

ALD

Active Layer Detachment

BaCl

Barium Chloride

BDOC

Biodegradable Dissolved Organic Carbon (expressed as percent of initial DOC)

BIX

Biological Freshness Index

C

Carbon

Ca2+

Calcium

CBAWO

Cape Bounty Arctic Watershed Observatory

CDOM

Coloured/Chromophoric Dissolved Organic Matter

CH4

Methane

CO2

Carbon Dioxide

Cl-

Chlorine

DI

Deionized Water

DIN

Dissolved Inorganic Nitrogen

DOC

Dissolved Organic Carbon

DOM

Dissolved Organic Matter

EC

Electrical Conductivity

EEM

Emission Excitation Matrix

FDOM

Fluorescent Dissolved Organic Matter

FI

Fluorescence Index

GCM

Global Climate Model

HCl

Hydrochloric Acid

HDPE

High Density Polyethylene

HIX

Humification Index
x

HMW

High Molecular Weight

K+

Potassium

LMW

Low Molecular Weight

Mg2+

Magnesium

MT

Mesic Tundra vegetation community

N

Nitrogen

Na+

Sodium

NaOH

Sodium Hydroxide

NH4+

Ammonium

NO2-

Nitrite

NO3-

Nitrate

OM

Organic Matter

PARAFAC

Parallel Factor Analysis

PDD

Polar Desert vegetation community

PDV

Polar Desert Vegetated; isolated patches of vegetation within Polar Desert community

POM

Particulate Organic Matter

PVDF

Polyvinylidene Fluoride

RTS

Retrogressive Thaw Slump

SO42-

Sulfate

SOM

Soil Organic Matter

Sr

Spectral Slope Ratio

SUVA254

Specific Ultraviolet Absorption at 254 nm

TDD

Thawing Degree Day

TDN

Total Dissolved Nitrogen

WEOC

Water Extractable Organic Carbon
xi

WEOM

Water Extractable Organic Matter

WS

Wet Sedge vegetation community

xii

Chapter 1
Introduction & Literature Review
This introduction and literature review chapter serves to contextualize the research presented in
Chapters 2 and 3 of this thesis. The main focus of this thesis is organic matter (OM) composition and
lability. OM is produced by the decomposition of plant and animal matter (Wetzel 2001). Organic carbon
is a major constituent of OM and organic molecules decomposed by microorganisms or exposure to
sunlight, resulting in the emission of carbon dioxide (CO2) and methane (CH4) to the atmosphere.
Atmospheric CO2 and CH4 contribute to the greenhouse effect, therefore the OM cycle is directly related
to the carbon (C) cycle and contributes to climate change. In response, climate change also influences the
C cycle in High Arctic environments through changes in temperature and precipitation which can alter the
decomposition of OM (Schuur et al. 2008). The positive feedback system that exists between thawing
permafrost and C emissions is often referred to as the permafrost carbon-climate feedback (Schuur et al.
2008). Despite a general understanding of this positively reinforcing relationship between the climate
change and the C cycle, many aspects of the C cycle, particularly the fate and transport of organic C, are
still poorly understood at high latitudes. For example, there is a dearth of data on the role of dissolved
organic matter (DOM) in the C cycle of High Arctic ponds and soils.
This introduction and literature review examines the organic matter cycle as well as the unique
characteristics of pond and soils systems in the High Arctic and how they relate to C cycling under a
changing climate. The methods of assessing the biodegradability (i.e. lability) of DOM in these
environments are also discussed. Finally, the review examines how the results of DOM biodegradability
research can be used to improve our understanding of C cycling and water quality in the High Arctic.

1.1 The Organic Matter Cycle
Organic matter (OM) is the accumulation of plant, animal, and microbial matter in terrestrial or
aquatic ecosystems (Wetzel 2001). The OM cycle plays an important role in the carbon (C) cycle. The C
1

cycle begins with the fixing of carbon dioxide (CO2) to a terrestrial or aquatic system through
photosynthesis. During photosynthesis, plants take up the CO2 to produce carbohydrates that either
directly or indirectly supports its structure and function (Gunina et al. 2017). C taken up by a plant will
eventually be 1) exuded by its roots into the rhizosphere as organic C, 2) respired by the plant and
released as CO2 back to the atmosphere through autotrophic respiration, 3) stored as biomass, or 4)
transferred to a higher trophic level during predation, or 4) remain tied up in dissolved or particulate OM
once the plant dies. Root exudates from the plant, microbial exudates, animal excretion products, and
decomposing animal tissues also contribute to the OM pool. Aside from C, OM also contains lesser
quantities of nitrogen, hydrogen, oxygen, sulfur, and phosphorus, that make up all organic molecules
(e.g., amino acids, proteins, carbohydrates, and lipids) in different proportions with different structures
such as aromatic or aliphatic (Kögel-Knabner 2002).
Once accumulated, OM may be exported to downslope aquatic or terrestrial ecosystems through
processes such as surface runoff or mass wasting. Alternatively, OM may be transported vertically
through the soil column by root growth, bioturbation, water percolation or soil cryoturbation and
immobilized by sorption to minerals (Kawahigashi et al. 2004; Ping et al. 2015).
Carbon (C) that enters the OM pool can only return to the atmosphere through heterotrophic
degradation (i.e. biodegradation) or exposure to ultraviolet radiation from the sun (i.e. photodegradation).
Both degradation processes are important, but due to the limited scope of this thesis, only biodegradation
mediated by microorganisms is discussed in this literature review. Microorganisms consume OM to
obtain energy and release carbon dioxide (CO2) or methane (CH4) and transformed organic compounds as
by-products during heterotrophic respiration. The rate of mineralization and transformation of OM
determines its turnover in soils and rivers, with some organic compounds degrading quickly (labile C
pools) and others degrading slowly due to protection from decay (stable C) (Kögel-Knabner & Amelung
2013). Thus, of all the C that enters the biosphere, some is respired immediately by plants, some is stored
as biomass, some is transferred to higher trophic levels and then respired, and some is respired even later
2

once the plants and animals have died and decomposed into OM which is consumed by microorganisms.
The final fraction of C, that has not yet been respired, enters long-term storage in OM and is composed of
inherited organic molecules (e.g., lignin, cellulose, carbohydrates, phenols) and decomposition byproducts (e.g., cell walls, DNA, enzymes, lipids) (Kögel-Knabner 2002).
Since microbial degradation of labile OM quickly emits CO2 and CH4 to the atmosphere, it is
important to define lability to quantify how much C will be respired on a short time scale. The term
‘labile’ implies that the OM is preferentially consumed, at high turnover rates (Dittmar & Stubbins 2013;
Kögel-Knabner & Amelung 2013). Lability is classically defined by molecular structure; for example, the
most biodegradable organic molecules often have low aromaticity, low C:N ratios, and low molecular
weight (Fellman et al. 2008). However, recent research suggests that molecular structure alone cannot
determine the turnover rate of OM; the definition of lability must also include environmental conditions
such as temperature, pH, and the presence of minerals and inorganic nutrients such as dissolved inorganic
nitrogen which affect decomposition rates (Yoshitake et al. 2007; Christiansen et al. 2012; Marín-Spiotta
et al. 2014; Fouché et al. 2017). The following sections of the literature review will discuss the unique
characteristics of soils and ponds in the High Arctic and how they may influence the lability of OM, and
thus C cycling, at high latitudes.

1.2 Soil Organic Matter
The upper 3 m of soils in the permafrost region contain an estimated 1300 Pg of carbon that could
be released as temperatures rise and permafrost thaws (Schuur 2008; Tarnocai et al. 2009; Hugelius et al.
2014). It is important to understand how much soil organic matter (SOM) is stored in the permafrost
because of its potential to decompose and release carbon dioxide (CO2) or methane (CH4) to the
atmosphere, thus enhancing climate warming (Schuur et al. 2015). This potential is not well quantified
and better estimates of SOM lability across the Arctic are required to understand how much CO2 or CH4
will be released from permafrost environments. While estimations of lability in both active layer and
permafrost soils are ultimately required to better understand C cycling in the High Arctic, the scope of
3

this thesis is limited to surface soils (0-10 cm), which harbour the most biological activity (Nadelhoffer et
al. 1991).
Surface (0-10 cm) SOM quality (e.g. polymer composition, C:N ratios) is largely determined by
its vegetation source (Neff & Hooper 2002). In turn, vegetation communities and the microbial activity
that decomposes SOM to CO2 and CH4 are controlled by environmental conditions, such as temperature,
soil moisture, pH, and nutrient availability (Christensen et al. 1999; Hobbie et al. 2000; Mack et al. 2004;
Nowinski et al. 2008; Marín-Spiotta et al. 2014; Natali et al. 2015). The projected physical and thermal
effects of climate warming, such as landscape disturbance and enhanced active layer development, will
alter the environmental conditions and vegetation communities which exert strong controls over the
lability of surface (0-10 cm) SOM at high latitudes (Neff & Hooper 2002; Lantz et al. 2009; Paré &
Bedard-Haughn 2013). Therefore, we must better understand the lability of SOM in order to predict how
altered environmental conditions, due to climate warming, will affect carbon emission in the High Arctic.
This knowledge is particularly important for surface SOM since surface soils are the most biologically
active.
Due to the strong spatial heterogeneity of the environmental controls outlined above, SOM
lability may vary substantially depending on fine spatial scale site characteristics. For example, Paré &
Bedard-Haughn (2013) observed that slope aspect, snow accumulation, topography, and drainage
influence SOM lability. Furthermore, SOM lability could be influenced by permafrost disturbance which
alters hydrological regimes, soil temperatures, vegetation communities, and nutrient availability by
removing active layer soils, exposing previously buried soils to thaw, and creating topographic
depressions on the landscape (Lamoureux & Lafrenière 2009; Lantz et al. 2009; Kuhry et al. 2010). For
example, Pautler et al. (2010) observed increased SOM decomposition and microbiological acitity in soils
collected from recent active layer disturbances, relative to soils from undisturbed sites, in a High Arctic
watershed. Pautler et al. (2010) hypothesized that the increased SOM decomposition was due to both the
exposure of new, less degraded SOM and the presence of environmental conditions more conducive to
4

microbial SOM degradation. Overall, there is a paucity of fine-scale spatial data of SOM quality in
varying land cover types of the High Arctic. The development of stronger empirical relationships between
land cover types (e.g. vegetation communities and disturbances) and SOM lability could allow for
upscaling of SOM lability data to improve models and estimates of carbon emissions as environmental
conditions in High Artic landscapes change (Kuhry et al. 2010).
In this thesis, I focus specifically on the soluble or dissolved fraction of OM in surface soils.
Because it is more bioavailable to microorganisms, the soluble fraction of OM in soils plays a
disproportionately important role in OM cycling, relative to its contribution to the entire OM pool
(Brooks et al. 1999; Neff & Asner 2001; Chantigny 2003;). Soil DOM may be degraded by
microorganisms in situ (thereby influencing CO2 and CH4 emissions), percolate to deeper soil horizons, or
be flushed downslope to aquatic ecosystems where it could fuel heterotrophic metabolism and alter water
quality (Neff & Asner 2001). Few studies have sought to understand the relationship between soil OM
and soil DOM lability and in situ CO2 and CH4 emissions (e.g. Paré & Bedard-Haughn 2013), particularly
in High Arctic environments.
It is important to note that the literature may also refer to soil DOM as water-extractable organic
matter (WEOM) if it is obtained by adding deionized water to soils and then filtering the liquid through a
0.45-0.7 µm filter to obtain the dissolved fraction (Chantigny et al. 2008; Vonk et al. 2015a). While the
two terms are sometimes used interchangeably, the distinction between them is important because
WEOM involves the supersaturation of soils and is thus not strictly representative of in situ phenomena.
Further, soil structure is disturbed during the soil sampling and extraction process, therefore WEOM may
include organic matter that is unavailable for dissolution in situ (Chantigny et al. 2008). Due to
experiment sample volume requirements, the research presented in this thesis uses WEOM.

1.3 Dissolved Organic Matter in High Arctic Ponds
Small ponds represent a potentially important source of carbon (C) emissions in high latitude
terrestrial ecosystems, due to their high cumulative surface area (Abnizova et al. 2012). However, there is
5

a dearth of information on the importance of small ponds in the C cycle, relative to lakes and rivers.
Recent research suggests that small ponds are an even more important source of methane than lakes in the
Arctic (Roiha et al. 2016) and can be ‘hot spots for carbon cycling’ in the High Arctic (Wang et al. 2018,
p 23). Climate change will alter surface drainage patterns in the High Arctic; in some areas, ponding may
decrease as active layer depths increase and allow for increased infiltration while in others, ponding may
increase due to ground ice melt (Smol et al. 2012; Bonnaventure & Lamoureux 2014). Without a welldeveloped understanding of contemporary pond chemistry, predicting and evaluating changes in organic
matter (OM) cycling and resultant C emissions under a warming climate is difficult. The following
section discusses the lability of OM in High Arctic ponds.
In ponds, OM is derived from either allochthonous (external) or autochthonous (internal) sources.
Allochthonous sources of OM in ponds include particulate organic matter (POM) and dissolved organic
matter (DOM) from terrestrial ecosystems, introduced by surface runoff (Wetzel 2001). Allochthonous
OM generally includes high molecular weight (HMW) aromatic, humic compounds (Fellman et al. 2009).
Autochthonous sources of OM include aquatic plants and bacteria that have fixed atmospheric CO2 as
well as microbial exudates, and microorganisms themselves within the pond (McKnight et al. 2001;
Dittmar & Stubbins 2013). Autochthonous OM often consists of low molecular weight (LMW)
compounds with lower aromaticity (Fellman et al. 2009). The OM that enters ponds may settle and
accumulate in bottom sediments or be consumed by aquatic organisms. Since ponds are generally
considered closed systems, except in the event of extreme surface runoff, OM is generally decomposed in
situ and released to the atmosphere as either CO2, or methane (CH4) in anoxic conditions, by
heterotrophic and methanogenic microorganisms (Megonigal & Hines 2005; Dittmar & Stubbins 2013).
DOM is more important in carbon (C) mineralization than POM due to its increased microbial
bioavailability (Vonk et al. 2015a). Therefore, the focus of this study is DOM and its role in C cycling.
While the focus of this thesis is microbial degradation (i.e. biodegradation) of OM, it is important
to note that pond DOM may undergo photomodification prior to, or simultaneously with, biodegradation.
6

The high surface area to depth ratio in ponds means that often the entire water column is exposed to
sunlight (Cory et al. 2014). The exposure of DOM to the sun’s ultraviolet (UV) radiation results in the
photodegradation of DOM into CO2 or CO (photomineralization) or LMW compounds
(photomodification) that can subsequently be biodegraded by aquatic microorganisms (Mopper & Kieber
2002). Cory et al. (2014) suggest that up to 95% of carbon in Arctic lakes, rivers or streams undergoes
photodegradation or photomodification to some degree. While Cory et al. (2014) did not look specifically
at small ponds, Roiha et al. (2016) suggest that Arctic thaw ponds are similarly influenced by sunlight.
Laurion & Mladenov (2013) observed that photochemical changes were most evident in humic-like
fractions of DOM. In stream samples from the Kolyma River watershed, underlain by Yedoma
permafrost, Stubbins et al. (2017) observed that while photomodification was common to both modern
and ancient carbon, only modern carbon was fully photomineralized. The findings of Laurion and
Mladenov (2013) and Stubbins et al. (2017) suggests that the degree to which photodegradation
contributes to DOC mineralization in surface waters is dependent on the quality and age of the carbon.
During biodegradation microorganisms degrade pond DOM, including the dissolved organic
products of photomodification, simultaneously obtaining energy and releasing CO2 and CH4 to the
atmosphere through heterotrophic metabolism. It is important to note that the microbial composition of a
pond will also influence decomposition but is not considered in the definition of lability. Some
microorganisms are capable of metabolizing molecules that others cannot, while others may be
temperature or pH specific (Negandhi et al. 2014). The diversity of microorganisms that could be present
in a pond thus complicates analysis and prediction of DOM biodegradation.

1.4 Permafrost Hydrology and Hydrochemistry
The unique hydrology of permafrost regions is important in the study of High Arctic DOM, in
ponds, and WEOM, from soils. Hydrology in High Arctic watersheds differs from hydrology in temperate
watersheds due to the presence of permafrost, which is defined as ground that remains at or below 0°C for
two or more consecutive years (Permafrost Subcommittee, 1998, p. 5). The permafrost is an impermeable
7

layer which prevents water from infiltrating to deeper soil horizons, limits subsurface water storage
capacity, and increases runoff ratios (Woo 2012). Permafrost is overlain by the active layer, which thaws
annually during the summer. Annually fluctuating active layer depths have an important effect on
watershed hydrology in the High Arctic. In a year when active layer thaw is deeper than average, there
will be more infiltration and higher potential for subsurface storage leading to decreased ponding and
surface runoff (Woo 2012). The active layer is also important because it acts as the medium for
subsurface flow to downslope aquatic ecosystems (Woo 2012). The thickness and composition of the
active layer (e.g. soil type, organic matter content, pore size, and pore water) therefore affect the rate of
subsurface flow, with higher hydraulic conductivity in the upper porous organic soils of the soil profile
than in the dense mineral layers below (Quinton & Marsh 1999). Climate warming will cause enhanced
active layer thaw and permafrost degradation, which will affect hydrology in the High Arctic and, in turn,
how much OM is dissolved and where it is transported (Schuur et al. 2015).
The permafrost and active layer also influence hydrochemistry in High Arctic environments,
which has important implications for DOM lability and C cycling. Between the permafrost and active
layer, there is the transient layer which only thaws during especially warm years and thermally protects
ice-rich permafrost below (Kokelj & Burn 2003; Shur et al. 2005). This transient layer is often solute rich
(Kokelj & Burn 2003; Lamhonwah et al. 2017). Each layer of the soil column – active layer, transient
layer, and permafrost – possesses different chemical characteristics in terms of inorganic ion
concentrations and organic matter, thus changing hydrological pathways due to enhanced active layer
thaw will also alter the chemistry of subsurface flow (Vonk et al. 2015b). For example, deeper active
layer thaw could make solutes in the transition layer available for dissolution, thereby altering the
environmental conditions in water under which DOM could be degraded. However, the composition of
the permafrost, transition, and active layers are heterogeneous across the Arctic, therefore the effects of
changing hydrological pathways on water chemistry and C cycling are still uncertain (Frey & McClelland
2009).
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Ponds can provide interesting insight into subsurface hydrology and hydrochemistry. There are a
variety of downslope aquatic ecosystems that may receive the nutrients mobilized by subsurface flow.
Subsurface flow may drain into rivers and lakes, creating detectable signals of high ionic concentrations
(e.g. SO42-) and/or low temperature (Lafrenière & Lamoureux 2013; Roberts et al. 2017; Bolduc et al.
2018). Alternatively, irregularities in the permafrost table surface or abrupt decreases in slope angle may
force subsurface flow to the surface before it reaches a large aquatic ecosystem such as a lake or river
(Figure 1-1; Woo 2012). The phenomena, referred to as seepage, can lead to the formation of small ponds
on the landscape, which provide insight into the composition of the subsurface flow pathways that feed
them (e.g. organic matter quality and inorganic ion enrichment in deeper soil layers). The role of these
small seepage ponds in DOM biodegradation and C cycling is still poorly understood, as is the role of
other ponds in permafrost environments fed by rainfall and/or snowmelt runoff (Abnizova et al. 2012).

1.5 Climate Change
Climate change disproportionately affects Arctic regions through physical changes such as
increased surface temperatures, altered precipitation and snowmelt patterns, and permafrost degradation
(AMAP, 2017). Precipitation in the Hight Arctic is projected to increase at a higher rate than at temperate
latitudes, with a larger proportion falling as rain instead of snow in the summer and autumn months
(Bintanja & Selten 2014; Bintanja & Andry 2017). These altered precipitation patterns interact with
altered air and ground thermal regimes to create conditions conducive to changes in vegetation
communities as well as to thermal and physical permafrost disturbance (Myers-Smith et al. 2011;
Lafrenière & Lamoureux 2013; Kokelj et al. 2015). Global climate models, combined with field data,
predict enhanced permafrost degradation manifested as thermal perturbations (i.e. deeper active layer
thaw) and physical perturbations such as retrogressive thaw slumps, active layer detachments, and
thermo-erosional gullies in Arctic environments as a result of climate warming (Lawrence & Slater 2005;
Jorgenson et al. 2006; Fortier et al. 2007; Lantz & Kokelj 2008). Theses physical changes associated with
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amplified warming in the High Arctic will have direct and indirect effects on organic matter (OM) cycling
and, in turn, carbon (C) emissions to the atmosphere.
Climate change directly affects DOM lability and C cycling in the High Arctic through altered
temperature and precipitation regimes. As mentioned previously, environmental conditions such as
temperature, pH, inorganic nitrogen availability and soil moisture play a more important role in
determining DOM biodegradability than the intrinsic quality of DOM (e.g. molecular structure, elemental
composition; Hobbie et al. 2000; Wickland et al. 2007; Lehmann & Kleber 2015). For example, warmer
temperatures promote higher DOM decomposition rates in soils, especially above 0° Celsius (Mikan et al.
2002). Additionally, since DOM is strongly influenced by permafrost hydrology and hydrochemistry,
altered precipitation patterns could affect DOM biodegradation rates and the mobilization and transport of
DOM to aquatic ecosystems (Neff & Asner 2001). In general, however, it is difficult to consider the direct
effects of climate change in isolation because altered temperature and precipitation regimes also have
indirect effects on DOM and C cycling.
Indirectly, climate change affects DOM degradation and C cycling in the High Arctic through
changes in vegetation communities. New vegetation patterns alter the quantity and quality of soil OM due
to the varying chemical composition of plants and leaf litter (Hobbie et al. 2000; Neff & Hooper 2002).
Over the past 13 – 27 years, Hudson & Henry (2009) and Hill & Henry (2011) observed increases in
evergreen heath tundra and wet sedge communities, respectively, in the Canadian High Arctic due to
warming temperatures. Vegetation communities may also change because of physical disturbance. For
example, Lantz et al. (2009) observed changes in vegetation patterns in retrogressive thaw slump scars on
the Peel Plateau in the Northwest Territories due to microenvironmental changes in soil pH, active layer,
ground temperatures, and nutrient availability.
Climate warming can also indirectly affect DOM and C cycling through thermal permafrost
disturbances, or deeper seasonal active layer thaw. Thermal disturbance leads to increased flushing of
inorganic ions (e.g. NO3- , SO42-, K+, etc.) and organic matter from previously frozen soil layers, through
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surface and subsurface hydrological pathways to downslope aquatic ecosystems (Frey & McLelland
2009; Lafrenière & Lamoureux 2013). Lafrenière & Lamoureux (2013) concluded that thermal
disturbance had a more widespread and longer-lasting impact on solute fluxes in a High Arctic river than
more localized active layer disturbances (ALD), which are classified as physical disturbances. Persistent,
elevated concentrations of inorganic ions, resulting from thermal disturbance, can alter DOM
biodegradation in aquatic ecosystems by stimulating heterotrophic microorganisms and primary
productivity (Yoshitake et al. 2007; Christiansen et al. 2012; Fouché et al. 2017).
Finally, physical permafrost disturbances, resulting from thermal disturbance and climate change,
may have an important indirect effect on DOM and C cycling. Common physical disturbances in the High
Arctic include retrogressive thaw slumps (RTS), active layer detachments (ALD), and thermo-erosional
gullies (Figure 1-2). RTS are initiated by the exposure of ice-rich permafrost or massive ice to insolation
and ablation which causes the ice-rich face to retreat until the ground ice supply is exhausted or the face is
covered in sediment (Burn & Lewkowicz 1990; Lacelle et al. 2010). ALD are localized mass movements
of soil and surface sediment along a failure plane at the base of the active layer, created by enhanced thaw
of ice-rich permafrost which elevates pore water pressures at depth and decreases soil shear strength
(Lewkowicz & Harris 2005; French 2007). Thermo-erosion gullies occur when meltwater from thawing
permafrost ice wedge polygons creates tunnels along polygon boundaries that eventually collapse and
form gullies due to advective heat transfer from the meltwater (Fortier et al. 2007; Bowden 2008; Godin
& Fortier 2012). The depth of disturbance varies by feature with RTS attaining depths of more than 20 m,
ALD attaining maximum depths of approximately 1 m, and gully depths ranging from 1-4 m (Lamoureux
& Lafrenière 2009; Lacelle et al. 2010; Godin et al. 2014).
The geomorphological differences between RTS, ALD, and thermo-erosion gullies determine
how they affect DOM biodegradation. All three physical disturbance features affect surface hydrology by
creating new preferential flow pathways and by promoting the formation of ponds in the newly formed
topographical depressions (Schuur et al. 2015; Walvoord & Kurylyk 2016). These changes in hydrology
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can alter how much OM is dissolved, mobilized, and transferred to aquatic ecosystems (Guo et al. 2007;
Vonk et al. 2015b). Further, physical disturbances expose previously buried soil horizons that may
provide more nutrients in the form of inorganic ions (e.g. Kokelj et al. 2005; Malone et al. 2013). The
exposed soils may also store more biodegradable OM, which is vulnerable to in situ decomposition when
thawed as well as to erosion by surface runoff and decomposition in downslope aquatic ecosystems such
as ponds or rivers (Woods et al. 2011; Grewer et al. 2015). The magnitude of these impacts will depend
on the type of substrate disturbed (e.g., thick or thin organic layer), the depth and area of the disturbance,
and the hydrological connectivity of the disturbed area (Vonk et al. 2015b, Favaro & Lamoureux 2015).
Since the lability of OM is both affected by and affects climate change through the permafrost
carbon-climate feedback, collecting data on the lability of OM is important. Data on OM lability can be
used to improve biogeochemical models, and in turn global climate model (GCMs) that project how
future climate changes will alter CO2 and CH4 emissions (Schuur et al. 2008; Ping et al. 2015). Current
models do not adequately account for DOM lability changes in the High Arctic, especially since these
changes are expected to be heterogeneous (Frey & McLelland 2009). Estimates of C emissions from
thawing permafrost soils need to be refined through finer scale incubation experiments and improved
model-data fusion, especially in the High Arctic where data is lacking despite observed changes in
vegetation communities, moisture patterns, and permafrost disturbance (Kuhry et al. 2010; Flato et al.
2013; Schuur et al. 2015). Furthermore, most models of C cycling in terrestrial Arctic ecosystems do not
consider landscape features smaller than a lakes and wetlands, despite the potential importance of smaller
features such as ponds to C emissions and lateral hydrological transfer during high runoff events (AMAP
2017). Thus, it is important to study DOM quantity and quality at a finer spatial scale in order to improve
projections of how the permafrost carbon-climate feedback system will change in the future.

1.6 Assessing the Lability of Dissolved Organic Matter
To investigate how dissolved organic matter (DOM) or water-extractable organic matter
(WEOM) lability vary across landscapes, and how it may be influenced by climate change, requires a
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method for assessing lability. Incubation experiments are a common method of determining OM lability,
however they are time- and resource-intensive and thus more recent literature is focused on optical
properties as a rapid and relatively low-cost technique for determining lability (Cory & Mcknight 2005;
Fellman et al. 2008; Cory & Kaplan 2012; Hansen et al. 2016). The following section discusses the
advantages and disadvantages of incubation experiments and how optical properties identified by
fluorescence-absorbance spectroscopy could be used to more efficiently measure DOM (or WEOM)
lability.
1.6.1 Incubation Experiments
The incubation of water and soils samples may be used to elucidate the quantity of organic matter
(OM) available for decomposition and release to the atmosphere as CO2 or CH4 in a short time period
(labile OM), under controlled conditions (Dutta et al. 2006; Lee et al. 2012; Spencer et al. 2015).
Incubation experiments involve placing a sample (e.g. water or soil) under controlled temperature,
moisture, and light conditions and measuring CO2 production over a specified duration (Mikan et al.
2002; Dutta et al. 2006; Elberling et al. 2013; Lee et al. 2012). In the case of aqueous samples the
consumption of DOC or the production of dissolved inorganic carbon may also be used to measure
lability (Vonk et al. 2015a). The controlled conditions of an incubation experiment may vary from study
to study in order to understand a specific aspect of lability such as temperature sensitivity or
decomposition rates (e.g. Dutta et al. 2006; Elberling et al. 2013). Thus, incubations experiments are a
direct method of measuring lability and are advantageous since the controlled conditions allow for the
investigation of how specific environmental variables affect lability.
However, incubation experiments also have disadvantages. Incubation experiments are limited by
inherent reductions in complexity, sampling requirements, and a lack of methodological standardization
(Kalbitz et al. 2000; Risk et al. 2008; Vonk et al. 2015a). For example, the flexibility in controlling
specific environmental conditions also leads to difficulties between experiments that do not have exactly
the same parameters (Vonk et al. 2015a). Additionally, incubation experiments are time- and resource13

intensive. They can range from a few days to many years and often require complex instrumentation and
large quantities of laboratory consumables and, as a result, they are impractical for high spatial and
temporal resolution studies (Holmes et al. 2008; Elberling et al. 2013; Vonk et al. 2015a). Recent studies
have shown that the optical properties of DOM or soil WEOM can facilitate the identification of readily
biodegradable organic matter that is potentially labile, under the right environmental conditions
(Wickland et al. 2012; O’Donnell et al. 2016), since optical analysis is much faster and uses fewer
resources.
1.6.2 Fluorescence – Absorbance Spectroscopy
DOM consists of three major subsets, non-chromophoric DOM, chromophoric dissolved organic
matter (CDOM) and fluorescent dissolved organic matter (FDOM). CDOM can absorb ultraviolet (UV)
and visible light (Dittmar & Stubbins 2013). FDOM is a subset of CDOM that fluoresces when excited by
UV light (Dittmar & Stubbins 2013). Neither CDOM nor FDOM can be used to quantify discrete groups
of DOM constituents since either subset may include a mix of organic molecules varying in molecular
weight, structural associations, humification, and aromaticity. Furthermore, CDOM and FDOM are only
subsets of DOM so it must be noted that there is a large pool of potentially labile compounds that cannot
be detected by optical methods. Nevertheless, CDOM and FDOM are useful as proxies of overall DOM
quality, and can be used as tracers to understand its source and pathway (Fellman et al. 2010; Mann et al.
2016). Fluorescence-absorbance spectroscopy is a commonly used method to detect CDOM and FDOM
and its results can be used to calculate a variety of useful indices that provide further insight into DOM
quality.
Absorbance and fluorescence spectroscopy detects CDOM and FDOM, respectively, in aqueous
samples based on the amount of light absorbed at various wavelengths and the intensity of specific
fluorescing components (Coble 1996; McKnight et al. 2001; Fellman et al. 2010). CDOM is often
described through indices related to its absorbance spectra such as the specific UV absorption at 254 nm
(SUVA254), spectral slopes, the spectral slope ratio (SR), and the absorption coefficient at 350 nm (a350),
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which are mainly related to the CDOM’s molecular weight and aromaticity (Weishaar et al. 2003; Helms
et al. 2008; Mann et al. 2016; Fouché et al. 2017). FDOM data is represented in 3D excitation emission
matrices (EEMs) produced by measuring the fluorescence intensity at each ordinal combination of
emission and excitation wavelengths over a range of wavelengths using a steady-state fluorometer. EEMs
can be used to calculate various indices such as the fluorescence index (FI), humification index (HIX),
and biological index (BIX), which describe the quality of the FDOM (McKnight et al. 2001; Ohno 2002;
Huguet et al. 2009).
Peaks in fluorescence intensity at specific emission-excitation wavelength combinations can be
used to characterize FDOM quality. Most simply, the peaks can be classified as humic-like or protein-like
peaks (Coble 1996). In more recent studies, more complex categorization systems for fluorescence peaks
have been developed (e.g. Cory & Mcknight 2005; Stedmon & Markager 2005). For example, FDOM is
classified as having a tyrosine-like component if there is a peak in fluorescence intensity at an excitation
wavelength of 270–275 nm and emission wavelength of 304–312 nm (Fellman et al. 2010).
Parallel factor (PARAFAC) analysis can be used to analyze trends in the fluorescence peaks
detected in large datasets. PARAFAC is a multivariate modelling technique that decomposes the
respective fluorescence signatures of many samples into their individual components, indicating the
relative contribution of each to overall fluorescence through an entire dataset (Stedmon & Bro 2008;
Fellman et al. 2010;). PARAFAC has been used to characterize the quality of DOM exported by Arctic
rivers (Wickland et al. 2012; Mann et al. 2016, Fouché et al. 2017), assess differences in DOM quality
between ponds disturbed and undisturbed by active layer detachments (Wang et al. 2018) and understand
microbial and photochemical DOM degradation (Laurion et al. 2010).
It is important to keep in mind that the inherent structure of organic matter compounds, as
indicated by fluorescence-absorbance optical properties is not the only determinant lability. As previously
discussed, our definition of lability also includes additional environmental factors, such as nutrient
availability, soil moisture, temperature, and hydrological connectivity. Therefore, methods such as
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fluorescence-absorbance spectroscopy are only indicative of potential DOM lability and must be
combined with data on environmental conditions, as is demonstrated in this thesis.

1.7 Conclusion and Summary
Altered thermal and precipitation regimes under a changing climate promote permafrost
degradation, which alters ecosystem characteristics such as vegetation communities, nutrient availability,
and surface water distribution. In turn, these changes in ecosystem characteristics affect the microbial
decomposition of organic matter (OM), a process which releases carbon dioxide (CO2) and methane
(CH4) to the atmosphere, by changing the quality of OM and the environmental conditions under which it
is decomposed. OM that is more readily available to microorganisms, due to both its inherent structure
and environmental conditions conducive to biodegradation, is referred to as labile. SOM quantity and
lability are still poorly understood in the High Arctic, largely due to dearth of data. Dissolved organic
matter (DOM) is the most biologically active component of organic matter in these systems, therefore it is
essential that research focus on the relationship between water-extractable organic matter (WEOM) and
SOM decomposition in High Arctic ecosystems.
Furthermore, DOM in small surface freshwater bodies (i.e. ponds) has not been thoroughly
studied in the High Arctic. Many researchers have assessed DOM in lakes, rivers, and the ocean, but it
has become more apparent that ponds play a key role in OM cycling in the High Arctic. As surface water
distribution and subsurface hydrological pathways change in response to a warming Arctic climate, the
lability of DOM in ponds warrants further research.
Studying OM quality in either soil WEOM or freshwater samples generally requires incubation
experiments, which can be time- and resource-intensive. Optical analytical methods, such as fluorescence
and absorbance spectroscopy, can provide qualitative information about DOM in less time, using fewer
resources than incubation experiments. As such, optical methods represent a potential means of
facilitating the collection of high spatial and temporal resolution data on DOM quality, provided there is
an adequate correlation between lability and fluorescence-absorbance properties. Higher spatial- and
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temporal-data of DOM lability is required to improve global climate models and will be fundamental in
predicting future water quality in downslope aquatic ecosystems.

1.8 Research Objectives
The research presented in this thesis aims to address gaps in the scientific literature with respect
to organic matter cycling in High Arctic ecosystems. In particular, this research aims to assess the role of
dissolved organic matter (DOM) and soil water-extractable organic matter (WEOM) in organic matter
cycling and potential carbon emissions. This aim will be achieved through three main objectives:
1) Examine the lability of DOM in High Arctic pond waters in order to determine how lability
changes over the field season and between ponds disturbed by active layer detachments and
undisturbed ponds.
2) Assess the lability of WEOM in High Arctic surface soils and the CO2 emissions from these
soils in order to understand how organic matter quality and decomposition vary by vegetation
coommunity and over the course of the season.
3) Investigate the relationship between DOM/WEOM optical properties and lability.
These objectives were addressed in two separate studies, presented in Chapters 2 and 3. Chapter 2
discusses results from a study of DOM quality in six ponds (two disturbed, four undisturbed) in a High
Arctic watershed (Objectives 1 and 3). Chapter 3 presents findings from a study of microbial respiration
and WEOM quality in surface soils from five land cover classes in a High Arctic watershed (Objectives 2
and 3).
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Figure 1-1. Adapted from Woo (2012). Permafrost controls on hydrology.
Panel A shows seepage due to a uniform permafrost table under a sloping
ground surface. Panel B shows exfiltration and infiltration due to break in
slope, underlain by a uniformly sloping permafrost table. Panel C shows
subsurface flow blockage due to an upward sloping permafrost table under
a uniform downward-sloping ground surface. Panel D shows that flow may
not follow topographic controls due to a uniform permafrost table below.
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Figure 1-2. Images of the three most common types of permafrost slope disturbance: A) active layer
detachment on Ellesmere Island, NU (Lewkowicz 2007), B) retrogressive thaw slump on the Aklavik Plateau,
NWT (Lacelle 2010), and C) thermo-erosion gully on Bylot Island (Fortier et al. 2007).
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Chapter 2
Incubation studies reveal heterogeneity in DOM lability response to
permafrost disturbance between High Arctic ponds
2.1 Abstract
Climate warming is rapidly altering surface hydrology in the High Arctic through physical
disturbances and enhanced active layer thaw, thereby influencing the distribution of surface water and the
mobilization and delivery of dissolved organic matter (DOM) and nutrients to downslope aquatic
ecosystems. In particular, the distribution of ponds is changing across the High Arctic landscapes which
may have an important influence on organic matter cycling and carbon emissions to the atmosphere. This
study investigates the lability of DOM in pond samples collected in 2016, through incubation experiments
and optical properties (fluorescence and absorbance). We compare differences in lability between early
season (July) and late season (August) samples, as well as between ponds in active layer disturbance
(ALD) scars and those in undisturbed settings. Results indicate that while specific ultraviolet absorption
at 254 nm (SUVA254) is a strong predictor of lability (r2=0.624, F(1,10)=16.626, p<0.005), lability is
ultimately dependent on both molecular structure (indicated by optical properties) and inorganic nitrogen
availability in these systems. Our study also indicates that physical disturbance (i.e. ALD) and enhanced
active layer thaw will not affect all ponds equally and thus may enhance DOM lability in some ponds,
while suppressing it in others. This heterogeneity in pond DOM lability and response to disturbance
emphasizes the need to consider geomorphic setting alongside DOM molecular structure when predicting
C emissions from High Artic watersheds.
Key words: active layer detachment (ALD), biodegradable dissolved organic carbon (BDOC), High
Arctic, optical properties, inorganic nitrogen, incubation
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2.2 Introduction
High Arctic ponds represent a largely unexplored potential source of labile dissolved organic
matter (DOM) despite their high cumulative surface area and reputation as hot spots for carbon (C)
cycling in permafrost regions (Smol & Douglas 2007; Roiha et al. 2016; Wang et al. 2018). In ponds,
labile DOM derived from outside the pond (allochthonous) and within the pond (autochthonous) is
degraded by exposure to ultraviolet light from the sun and by heterotrophic and methanogenic organisms
and released as CO2 or CH4 to the atmosphere (Laurion et al. 2010; Abnizova et al. 2012; Laurion et al
2013; Neghandi et al. 2014; Cory et al. 2014; Kuhn et al. 2018). A substantial fraction of this DOM,
which is referred to as labile DOM, is quickly degraded (from hours to days) and rapidly enters the active
C cycle. Thus, understanding the lability of DOM allows for a better understanding of potential C
emissions to the atmosphere from ponds.
Classically, the lability of DOM has been defined mainly by the molecular structure (e.g.
aromaticity, elemental composition, and molecular weight). In the past, low-molecular weight,
proteinaceous, low-aromaticity DOM has been considered the most labile (Fellman et al. 2008). However
more recent research suggests that environmental conditions such as the temperature, pH, nutrient
availability, and the communities of microorganisms present also play an important role in lability in
aquatic and terrestrial environments (Yoshitake et al. 2007; Schmidt et al. 2011; Marín-Spiotta et al.
2014; Fouché et al. 2017).
Due to the increasing importance of environmental conditions in controlling lability, climate
change could have an important influence on organic matter cycling. Thermal perturbation (i.e. enhanced
active layer thaw) caused by increasing summer temperatures in the Arctic can lead to increased
subsurface water flow, mobilizing nutrients in deeper mineral soil layers and delivering them to
downslope aquatic ecosystems such as ponds (Frey and McClelland 2009; Lamoureux & Lafrenière 2014;
Vonk et al. 2015a; Lamhonwah et al. 2017; Roberts et al. 2017). Enhanced active layer thaw can also lead
to physical disturbances such as active layer detachments (ALDs) which create topographical depressions
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where ponds can form and alter surface hydrology and nutrient and organic matter cycling (Lamoureux &
Lafrenière 2009; Louiseize et al. 2014; Fouché et al. 2017; Wang et al. 2018).
This study investigates the lability of DOM in High Arctic ponds and how it relates to DOM
molecular structure (indicated by optical properties) as well as to initial environmental conditions such as
water temperature, pH, and inorganic ion availability. Six ponds were sampled twice over the 2016 field
season to capture changing environmental conditions as the thaw season progressed. Two ponds were
located in ALDs, which formed in 2007, and four were in undisturbed terrain. Pond water was incubated
for 28-days to measure lability as the percent biodegradable dissolved organic carbon (%BDOC). We
hypothesize that samples from ponds with fresh, low-molecular weight, low-aromaticity carbon and
elevated concentrations of inorganic nitrogen will exhibit the highest lability. The results of this study
will contribute to a better understanding of organic matter cycling in High Arctic ponds and resultant C
emissions.

2.3 Methods
2.3.1 Study Site
Our study was conducted at the Cape Bounty Arctic Watershed Observatory (CBAWO) on
Melville Island, NU (Figure 2-1, 74°54’N, 109°35’W). The study site is underlain by continuous
permafrost, and has a climate characterized by cold temperatures and low precipitation. Mean monthly
temperatures in the winter (January-March) and summer (June – August) were -32.6° and 1.7°C,
respectively, at the nearest long-term meteorological station at Mould Bay, NWT, approximately 300 km
northwest of Cape Bounty (Environment Canada, 2018). Schevers (2017) calculated summer
temperatures from the Cape Bounty West meteorological station to be 1.2°C warmer than the long-term
mean at Mould Bay between 2013-2017. Mean annual precipitation at Mould Bay was 111.0 mm with
most precipitation falling as snow. Peak discharge in the West River occurs during snowmelt which
occurs in early to mid-June. The thaw season lasts until mid-August to early September with peak
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growing season in mid- to late-July (Arruda, 2016). Active layer thaw can attain maximum depths of 0.75
-1.0 m by late July or early August (Lafrenière et al. 2013; Lamhonwah et al. 2017; Peters 2017).
The geology of the West River watershed is Devonian sandstones and siltstones overlain by early
Holocene glacial and marine sediments (Hodgson et al. 1984). Approximately 2.7% of the West River
watershed is disturbed by active layer detachments (ALD) which occurred in August 2007 and exposed
the underlying mineral soil layer (Lamoureux & Lafrenière 2009; Lewis et al. 2012). Vegetation
communities at the CBAWO vary by soil moisture and are classified as either polar desert (<20%
gravimetric moisture), mesic tundra (20-55%), or wet sedge (>55%) (Atkinson & Treitz 2013). Polar
desert communities are dominated by Papaver radicatum and Saxifraga flagellaris, while mesic tundra
communities are dominated by cyanobacterial Nostoc commune and Salix arctica, and wet sedge
communities are dominated by Eriophorum spp., Nostoc commune, and Spaghnum spp. (Atkinson &
Treitz 2012). Surface water is ubiquitous on the landscape in the watershed; small perennial and
ephemeral ponds exist in natural topographical depressions in flat terrain, at breaks in slope, and in ALD
scar zones. The substrate associated with these ponds varies from unvegetated mineral soils in ALD scars
to wet sedge meadows.
For this study, six ponds were selected based on varying geomorphic setting and electrical
conductivity (EC), which we interpreted as an indicator of potential subsurface flow contributions (Figure
2-1; Figure A1 for photos and Table A1 in Appendix A). The study is limited to six ponds due to the time
and resource-intensity of incubation experiments. P1-D is a perennial pond, located in an ALD scar with a
gentle slope; it is underlain by unvegetated mineral soils. P3-D is a perennial pond, also located in an
ALD scar underlain by mineral soils and little vegetation. P3-D is larger than P1-D, and the grade of the
slope is steeper in the ALD where P3-D is located. P3-D is visibly turbid throughout the season and high
electrical conductivity values indicate that it may receive subsurface hydrological input. P2 is an
ephemeral pond underlain by mesic tundra vegetation upslope in an undisturbed sub-catchment of the
West River. P4 is an ephemeral pond at the base of a steep slope in an undisturbed sub-catchment; it is
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surrounded by mesic tundra vegetation and underlain with an algal mat. High electrical conductivity
values at P4 indicate that it may receive subsurface hydrological input. P5 is perennial pond located in a
gently sloping mesic tundra terrain, upslope in an undisturbed sub-catchment of the West River. P5 is the
largest pond that was sampled. P6 is an ephemeral pond located on a polar desert plateau upslope from
West Lake.
2.3.2 Sample Collection and Processing
Sampling for incubation experiments occurred on July 12-24, 2016, as ponds appeared (early),
and again on August 6, 2016 (late). Ponds were sampled for incubation analysis twice over the field
season in order to capture changing environmental conditions as the thaw season progressed such as
changes in surface and subsurface hydrological inputs to ponds, and potential concomitant changes to
inorganic nitrogen delivery, EC, and pH. The early sampling period was wetter than the late sampling
period, thus indicating higher inputs of meteoric water and likely surface runoff to ponds in the early
season (Figure 2-2). Ponds were also sampled once or twice, depending on when they formed, for routine
chemical analysis (dissolved organic carbon, total dissolved nitrogen and fluorescence-absorbance) on
July 24 and August 2, 2016. Samples were collected in new 1 L amber HDPE bottles that were triplerinsed with sample water before filling.
Samples were transported back to a field laboratory within two hours of sampling. Electrical
conductivity (EC, corrected to 25°C, using a linear relationship ± 2%/°C) and water temperature were
measured at the time of sampling using an Orion 3-Star handheld meter (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). In the field laboratory, EC, temperature and pH were measured again on
sample aliquots. Samples were filtered through pre-combusted (450˚C for 4-6 hours) 0.7 μm glass fiber
filters (GF/F, 47 mm diameter). The glass filtration unit was stored in a 3% HCl acid bath to eliminate
contamination from external sources of carbon. The filtration unit was rinsed with deionized water prior
to use each day. It was also triple-rinsed with deionized water and single-rinsed with sample water before
each sample filtration. Filtered sample for incubations was separated into 15 pre-cleaned certified 40 mL
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amber glass EPA vials while filtered sample for routine chemical analysis was separated into two precleaned certified 40 mL amber EPA vials. Additional sample water was filtered through a 0.22 μm
Millipore filter into two 25 mL clear, HDPE scintillation vials (Wheaton), for major ion analysis. All vials
had no headspace and were kept cool (4°C) until transport to the Facility for Biogeochemical Research in
Environmental Change and the Cryosphere (FaBRECC) at Queen’s University in Kingston, Ontario.
2.3.3 Incubation Set Up
Samples were incubated in the dark at 20°C for 28 days, as per Vonk et al. (2015b). While a
temperature of 20°C is high relative to in situ pond temperatures at Cape Bounty and likely enhances
microbial activity, it was chosen to allow for comparability between incubation studies (Vonk et al.
2015b). As a result of the higher temperature, the results presented in this study are likely overestimates
of DOM lability. These overestimates do not affect the conclusions of this study since our interpretations
concern relationships between pond chemistry and optical properties rather than absolute quantifications
of DOM lability. At each of five time-points (0, 2, 7, 14, and 28 days), three vials (triplicate aliquots) of
each sample were removed from the incubation oven. Each aliquot was re-filtered by syringe filtration
through 0.7 μm GF/F type glass fiber filters (47 mm diameter) in a re-usable polycarbonate syringe filter
holder, to remove any particulate (POC) that may have formed during the incubation. As a result of refiltration, loss of DOC over the incubation is attributed to either respiration or flocculation of POC (Vonk
et al. 2015b). Aliquots were then divided into samples for 1) fluorescence-absorbance analysis and 2)
dissolved organic carbon (DOC) and total dissolved nitrogen analysis (TDN) analysis.
2.3.4 Sample Analysis
Fluorescence and Absorbance
Fluorescence-absorbance analysis was conducted on an Aqualog compact, steady-state
fluorometer (Horiba Scientific, Kyoto, Japan). Sample aliquot in a 1 cm quartz cuvette were scanned at 3
nm intervals between excitation wavelengths of 252 – 600 nm and emission wavelengths of 255 – 600 nm
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at integration times of 1-4 s, depending on the fluorescence intensity of the sample. UV-Vis absorption
spectra were also measured simultaneously. Using the Aqualog software, resultant emission-excitation
matrices (EEMs) were blank subtracted, corrected for inner-filter effects and first- and second-order
Raman and Rayleigh scattering, then normalized to a quinine-sulfate standard.
DOC and TDN
Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) concentrations were
measured on a TOC-VPCH/TNM system (Shimadzu, Kyoto, Japan). This system analyzed DOC as nonpurgeable organic carbon by combustion at 720°C. Total dissolved nitrogen (TDN) was measured by
chemiluminescence. All incubated aliquots were analyzed for DOC and TDN with 24 hours of
fluorescence-absorbance analysis to minimize the risk of enhanced microbial activity due to vial
headspace. Biodegradable DOC (BDOC) was calculated as the percentage loss of DOC (mg/L) between
Day 0 (T0) and Day 28 (T28) of the incubation period (Equation 1).

%𝐵𝐷𝑂𝐶 = 100% ∗

[𝐷𝑂𝐶] 𝑇0 − [𝐷𝑂𝐶] 𝑇28
[𝐷𝑂𝐶] 𝑇0

Blanks (deionized water, DI water), method checks, and method detection limit (MDL) standard
were duplicated within and between each run. Sample results are based on the best 3 of 5 injections with
the coefficient of variation less than 2% or standard deviation less than 0.1 ppm, and every fifth sample
was duplicated within the run with repeatability less than 5% for NPOC and less than 7% for TDN. See
Appendix B for complete quality assurance-quality control (QAQC) procedures and results.
Dissolved Inorganic Ions
Dissolved major anions (NO2-, NO3-, Cl-, Br-, SO42-) and cations (K+, Na+, Mg2+, Ca2+, NH4+) were
measured on a Dionex ICS 5000 ion chromatograph (Thermo Fisher Scientific, Waltham, Massachusetts).
Only the initial sample (analogous to time point 0) filtered through 0.22 µm PVDF filters and refrigerated
in 25 mL scintillation vials until analysis, was analyzed for dissolved inorganic ions. Where required,
38

samples were diluted with DI water to ensure accurate results. DI water blanks and method checks were
duplicated within and between runs. Replicate samples were rerun until coefficient of variation was less
than 5%, or the standard deviation was less than 0.007 ppm. See Appendix B for complete QAQC
description.
2.3.5 Data Analysis
Fluorescence and Absorbance Indices
Fluorescence data was used to calculate various indices common in dissolved organic matter
(DOM) optical analysis literature, including the fluorescence index (FI), the humification index (HIX),
and the biological index (BIX). The FI was developed by McKnight et al. (2001); it indicates whether
DOM is of terrestrial or microbial origin and is calculated as the ratio of fluorescence intensity (I) at 450
nm and 500 nm at wavelength of 370 nm (Equation 2).
𝐼

𝐹𝐼 = 𝐼𝑒𝑚450,𝑒𝑥350 (2)
𝑒𝑚500,𝑒𝑥350

The HIX is a measure of the degree of processing that DOM has undergone (Ohno 2002). It is
calculated as the sum of the fluorescence intensity over the emission wavelengths 300 – 345 nm range,
divided by the sum of fluorescence intensities over the 300-345 nm and 435 – 480 nm ranges (Equation
3).

𝐻𝐼𝑋 =

𝐼𝑒𝑚300→345,𝑒𝑥254
𝐼𝑒𝑚300→345𝑒𝑥 254𝑛𝑚 +𝐼𝑒𝑚435→480,𝑒𝑥254𝑛𝑚

(3)

Finally, the BIX is a measure of the presence of the β fluorophore, an indicator of autochthonous
production, and is calculated by dividing the fluorescence intensity at an emission wavelength of 380 nm
by the fluorescence intensity at an emission wavelength of 430 nm (Huguet et al. 2009; Equation 4).
𝐼

𝐵𝐼𝑋 = 𝐼𝑒𝑚380,𝑒𝑥310𝑛𝑚 (4)
𝑒𝑚450,𝑒𝑥310𝑛𝑚
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Similarly, absorbance data was also used to calculate common indices including the specific UV
absorption at an excitation wavelength of 254 nm (SUVA254), the slope ratio (SR), and the absorption
coefficient at an excitation wavelength of 350 nm (a350). SUVA254 is an indicator of dissolve aromatic
carbon content and is calculated as the decadal absorption (log10 of transmittance) at an excitation
wavelength of 254 nm normalized by DOC concentration (mg/L), in 1 cm path length cuvette (Weishaar
et al. 2003). The SR is the ratio of the slope of absorption between emission wavelengths of 275-295 nm
(S295) and 350-400 nm (S400); SR can elucidate whether DOM has undergone photochemical or microbial
processing and is further indicative of molecular weight (Helms et al. 2008). Finally, a350 is an indicator
of CDOM content that is generally well-correlated to DOC and lignin phenol concentrations (Mann et al.
2016; Fouché et al. 2017).
Statistical Analyses
Emission-excitation matrices (EEMs), normalized to total fluorescence, were also used to conduct
a parallel factor (PARAFAC) analysis yielding the major components present in the set of samples
subject to the incubation experiment. All EEMs, from every triplicate at every time step (n=180), were
included in the initial PARAFAC analysis. While some EEMs were removed as outliers, the final model
represented 90% of the full dataset (n=160). PARAFAC analysis was performed in MATLAB using the
N-way and DOMFluor toolboxes. Results were validated by residual and spectral sum of square error
analysis, split-half analysis, and random initialization according to the tutorial published by Stedmon and
Bro (2008). All other statistical analyses were performed in SPSS (IBM, Version 24).

2.4 Results
2.4.1 Climate
With 256.51 thawing degree days (TDD), 2016 was an average year relative to the coldest year
(2004), which had only 108.8 TDD and the warmest (2011), with 492.6 TDD (Schevers 2017). The
maximum daily average air temperature in 2016 was 11.0°C on June 25th. While active layer depths were
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not measured as a part of this study, concurrent field research in the West watershed observed active layer
depths greater than 60 cm by mid-July in both the mesic tundra and polar semi-desert land cover classes
(Peters, 2017). Total rainfall, measured using a David industrial tipping bucket rain gauge (0.2 mm),
during July and August when pond sampling occurred was 56.2 mm (Figure 2-2).
2.4.2 Pond Environmental Measurements
In situ water temperature and field lab-measured electrical conductivity (EC) and pH
measurements for each sample are outlined in Table A2. Water temperatures were warmer on the early
sampling date, relative to the late sampling date. Paired t-test indicated there was no statistically
significant change in EC between the early and late sampling periods, but EC was generally higher in the
late sampling period. In the early sampling period, EC ranged from 208 – 1502 µS. In the late sampling
period, EC ranged from 325 - 2647 µS. Lab values of pH ranged from 7.63 – 8.73 in the early sampling
period and from 7.47 - 8.56 in the late sampling period. During both sampling periods, the highest EC and
pH measurements were observed at P3-D and P4. P4 was the only pond that exhibited a meaningful
change in EC between the early and late sampling periods, with an increase in EC of 1549 ± 57 µS.
2.4.3 DOC and BDOC
Initial DOC concentrations were variable between sites and between seasons (Figure 2-3a),
ranging from 1.58 ± 0.07 mg L-1 to 31.56 ± 0. 67 mg L-1. Paired t-tests on log-transformed data, indicate
that there were significant decreases in DOC concentrations between the early and late sampling period at
P1-D, P2, P5, and P6 (n=3, p<0.01). Vial breakage during transport led to unequal sample numbers for
P3-D and P4 (n=2), therefore a paired t-test was not possible for these sites for any variables. For these
sites, we instead compare seasonal changes in measured variables to the uncertainty associated with these
measurements. The observed decrease in DOC concentrations in P3-D between the early and late
sampling periods is greater than the uncertainty associated with either measurement. Likewise, at P4,
there is an increase in DOC concentration between the early and late sampling periods which exceeds the
error associated with each measurement by at least four times.
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Biodegradable dissolved organic carbon (BDOC), expressed as a percentage of initial DOC
concentrations, differed between early and late samples at some ponds, but not at others. Over both
sampling periods, BDOC ranged from 7.7±3.8% to 77±22% (Figure 2-3b). Higher BDOC was observed
in the early sampling period at all ponds except P4, which had higher BDOC in the late sampling period.
A repeated measures ANOVA, conducted on log-transformed data, indicates that there is no significant
difference between BDOC in the early and late sampling periods (F(1,1.140)=1.104, p>0.05).
2.4.4 Total Dissolved Nitrogen and Dissolved Inorganic Nitrogen
Paired t-tests on log-transformed data, indicate that there were significant decreases in TDN
concentrations between the early and late sampling period at P1-D, P2, P5, and P6 (df=2, p<0.05). Both
P3-D and P4 exhibited TDN concentrations in the late sampling period that were an order of magnitude
higher than in the early sampling period, and much greater than the associated error with these
measurements (Table 2-1, Figure B1 in Appendix B).
The DIN concentrations reported are the sum of all detectable DIN species (Table 2-1). Using
this, the DOC:DIN ratio was calculated. DIN species increased in concentration at P4 in the late sampling
period. Likewise, NO3- and nitrite (NO2-) concentrations also increased at P3-D, although the increase in
NO2- concentration was much lower at P3-D than at P4. The DOC:DIN ratio was lower in disturbance
ponds and P4 (12±10) that at other ponds (55±13), t(11)=-6.659, p<0.001. We attribute the low DOC:DIN
in P3-D and P4 to elevated DIN concentrations and the low DOC:DIN in P1-D to low DOC
concentrations.
2.4.5 Dissolved Inorganic Ions
Dissolved inorganic ion concentrations are dominated by sulfate (SO42-), chloride (Cl-), and
sodium (Na+). P4 exhibited Cl- concentrations twice as high in the late sampling period as in the early
sampling period (Figure B2). Likewise, SO42- concentrations were four times higher at P4 during the late
sampling period and Na+ concentrations were more than twice as high. Changes in SO42-, Na+, and Clconcentrations between the early and late sampling period at other ponds were less pronounced.
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Decreases in SO42-, Na+, and Cl- concentrations were observed at P1-D, P3-D, and P6, while increases
were observed at P2 and P5.
There were also strong increases in magnesium (Mg2+), calcium (Ca2+), and potassium (K+)
concentrations in the late season P4 and P5 samples (Figure B2), relative to the early season. Decreases in
Mg2+, Ca2+, and K+ concentrations were observed at P1-D, P3-D, and P6, while increases in Mg2+, Ca2+,
and K+ concentrations were observed at P2, between the early and late sampling periods.
2.4.6 Fluorescence and Absorbance Properties
Fluorescence and absorbance properties are outlined in Table 2-2. Paired t-tests on log
transformed data indicate a significant decrease between fluorescence index (FI) values in P1-D samples
from early to late sampling periods (n=3, p<0.05). There were also non-negligible (outside of uncertainty)
increases in FI in late P3-D and P4 samples, indicative of an increased microbial contribution to the DOM
pool. BIX increased between sampling periods at all ponds except P5 (n=3, p<0.05). Repeated measures
ANOVA indicates that, when all ponds are considered together, there was no significant difference
between the early and late sampling periods for BIX (F(1,5)=2.119, p>0.05), HIX (F(1,5)=1.018,P>0.05),
or FI (F(1,5)=0.394, p>0.05).
Figure 2-4 illustrates changes in fluorescence properties over the 28-day incubation period. FI
increased at all sites except late P3-D. BIX increased in all pond samples over the incubation period
except early and late P1-D and late P3-D, although uncertainties for these ponds were high. HIX
increased in all pond samples over the incubation period except early P1-D and both early and late P3-D,
although P3-D HIX has high uncertainty.
Parallel factor (PARAFAC) analysis (n=160) identified five major components in the
fluorescence dataset (Figure 2-5), all of which are comparable to other studies (Table A3). The first
component (C1) is a high-molecular weight (HMW), humic, terrestrially-derived component with a
fluorescence intensity peak at an excitation wavelength of 250 nm and an emission wavelength of 475 nm
(ex. 250/em. 475). C2 is another humic, but low-molecular weight (LMW), component of marine- or
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terrestrially-derived microbial origin. C2 has fluorescence peaks at ex. 250/em. 410 and ex. 320/em. 410.
C3 is a semiquinone-like, aromatic, HMW component with a maximum fluorescence intensity at ex. 275
nm/em. 525 nm. C4 is a tryptophan-like component with a fluorescence peak at ex. 280/em. 340 which is
indicative of less degraded proteins. In the literature, C5 is a UVC humic-like, HMW, and oxidized
quinone-like component of terrestrial origin with a fluorescence peak at ex. <255 nm/em. 467 nm (Cory
and Mcknight 2005; Fellman et al. 2010).
The ponds located in active layer disturbance (ALD) scars (P1-D and P3-D) had a higher
percentage contribution from the humic-like, HMW, and oxidized quinone-like C5 component than the
ponds located outside of ALD scars (Figure 2-6). The ponds located outside of ALD scars all had similar
FDOM composition based on PARAFAC analysis. Over the 28-day incubation period, C5 exhibited the
most consistent decreasing trend, decreasing in all samples except P3-D (Figure 2-4). However, the ponds
with the highest contributions from C5 did not necessarily exhibit the highest BDOC concentrations. In
fact, the samples with the highest BDOC in the early and late season (P3-D and P4, respectively), show
no clear differences in FDOM composition from samples with low BDOC (Figure 2-3b, Figure 2-6).
The most proteinaceous component, C4, increased in early season disturbed pond samples and decreased
in all other samples over the incubation period. The C3 (semiquinone-like, aromatic, HMW) increased
over the incubation in all samples except late P4 and P6. Humic-like, LMW C2 and HMW C1 increased
in all samples except late P6 over the incubations period.
Absorbance index values are listed in Table 2-3. There was a significant increase in SUVA254
values at P5 between the early and late sampling period (n=3, p<0.001). There was also a strong increase
in SUVA254 at P3-D and a strong decrease in SUVA254 at P4, between the early and late sampling periods.
Overall, SUVA254 did not exhibit a significant change between the early and late sampling periods
(F(1,5)=0.354, p>0.05). Over the course of the 28-day incubation, SUVA254 increased in all samples
except for P3-D, but high uncertainty in the late P3-D sample prevents the determination of a trend
(Figure 2-7).
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The absorbance at an excitation wavelength of 350 nm (a350), also known as CDOM absorption,
varies widely between ponds, with the lowest values observed in the disturbance ponds (P1-D and P3-D)
and the highest a350 values observed in P2 (Figure B4). Paired t-tests on log transformed data indicate
that there was a significant difference between a350 in the early and late sampling periods at P1-D (n=3,
p<0.05) and P2 (n=3, p<0.005), but not at P5 or P6. There was a strong increase in a350 at P3-D as well.
At P4, there was a decrease in a350 values between the early and late sampling period that exceeded
measurement error. Generally, a350 exhibits a strong positive correlation with DOC in environments
where DOM composition does not change, thus differences in a350:DOC can be inferred as changes in
DOM composition. Our dataset does indicate a significant positive correlation between a350 and DOC
concentrations at P1-D Early and Late, P3-D Early, P5 Early and Late, and P2 Early and Late (n=35,
r2=0.958). However, P3-D Late, P4 Early and Late, and P6 Early and Late, do not conform well to the
same linear relationship. Over the incubation period, a350 decreased in all early season samples except P2
and increased in all late season samples except P3-D and P4 (Figure 2-7).
The spectral slope ratio (SR) is higher in the disturbance pond samples (P1-D and P3-D) than in
the undisturbed pond samples (Table 2-3). Statistically, the SR at P1-D in the early sampling period was
significantly higher than at P2, P5, and P6 in both sampling periods (F(3,20)=5.008, p<0.05). There was
no significant difference in SR between the early and late sampling periods (F(1,5)=3.615, p>0.05). Over
the incubation period, SR decreased in all early season samples and increased in all late season samples
except P4, but the uncertainty in late P4 samples prevented clear distinction of trends (Figure 2-7).
2.4.7 Prediction of BDOC
Correlation analysis was used to identify the best predictor variables to use as input, along with
the variables related to our hypothesis, in a stepwise multiple linear regression model to predict BDOC.
Table A4 depicts the result of Pearson correlation analysis (n=12) performed on ponds data from the
initial (t=0) time point. All variables were log-transformed except for fluorescence components (C1, C2,
C3, C4, C5) and their associated percentages. Correlation analysis indicates only one significant
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correlation, between percentage BDOC and SUVA254 (r¬=-0.790, p<0.005), so SUVA254 was chosen as a
possible predictor variable.
Based on our initial hypothesis that protein-like, low molecular weight, low-aromaticity DOM
paired with inorganic nitrogen would be the most labile, we also included C4%, EC, TDN, DOC:DIN,
BIX, FI, and SR as well as Na+, K+, SO42-, Mg2+, and NO2- which were significantly correlated to TDN
and possibly indicative of inorganic nitrogen species. We included C5% because it was the only
component that consistently decreased in contribution to total fluorescence over the incubation period.
Stepwise multiple linear regression on the log-transformed data indicated that, of all these variables, only
SUVA254 was a significant predictor of percentage BDOC (r2=0.624, F(1,11)=16.626, p<0.005). This
relationship is illustrated in Figure 2-8.

2.5 Discussion
2.5.1 BDOC
BDOC was always higher in the early sampling period than the late sampling period, except at
P4. Statistical analysis did not indicate a significant difference between BDOC in the early and late
sampling period, however the exceptionally high BDOC value at P4 likely influenced this result.
Decreasing BDOC between the early and late sampling periods has been attributed to changes in C and N
stoichiometry, leading to N limitation, as the thaw season progresses (Holmes et al. 2008; Wickland et al.
2012). Results from this study are consistent with the N limitation hypothesis since DOC:DIN ratios
remain stable or increase at all ponds where we observe a decrease in BDOC except P3-D, which will be
discussed in more detail later.
Except for P4, the BDOC percentages reported in this paper are comparable to other studies.
While we are unaware of any similar biodegradability studies in Arctic ponds, there are many
observations of BDOC in riverine systems at high latitudes. Frey et al. (2016) observed only 3-6% BDOC
along a terrestrial to aquatic flow-path continuum in the Kolyma River basin (15°C, 5 days). Wickland et
al. (2012) observed 3-36% BDOC from July-October in Yukon River tributaries (15°C, 28 days). Holmes
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et al. (2008) observed lower BDOC in July samples (2-7%) than in May-June samples from the Kuparuk,
Colville, and Sagavanirktok basins (20°C, 3 months). BDOC varied between approximately 5-38% in
July and August in the temperate streams and main stems sampled by Fellman et al. (2009) (25°C, 30
days). Finally, Vonk et al. 2015b observed greater than 60% BDOC in stream waters from continuous
permafrost environments during July and August. Only the results reported by Vonk et al. (2015b)
encompass the high BDOC observed at P4 in this study. Possible explanations for the elevated BDOC at
P4 will be explored through an examination of the quality of the DOM biodegraded and predictors of
BDOC.
2.5.2 Quality of DOM Biodegraded
Changes in optical properties over the incubation period suggests that the DOM degraded in the
pond samples does not always conform to what we hypothesized to be labile, based on molecular
structure. Changes in the relative percent contribution of each PARAFAC component to total
fluorescence over the incubation period provide substantial insight into the quality of fluorescent DOM
(FDOM) degraded, while SUVA254 and spectral slope ratios (SR) best indicate the quality of
chromophoric DOM (CDOM).
C1 increases over the incubation period at all sites except late P6 where total fluorescence
decreased the most over the incubation period, likely due to the flocculation of DOM which was not
quantified (von Wachenfeldt et al. 2009). An increase in C1 indicates an increase in the proportion of
terrestrially-derived, high-molecular weight (HMW), humic-like components, often considered to be less
labile (Vonk et al. 2013; Hansen et al. 2016). Likewise, C2 also increases over the incubation period in all
samples (except late P6) indicating an increase in the proportion of humic-like, LMW DOM, that could be
microbially-derived. Increases in both C1 and C2 over the incubation period suggests that microbial
communities prefer alternative, more labile sources of DOM to that represented by C1 and C2. C3,
indicative of aromatic, HMW DOM increases slightly in most samples, except late P4 and P6 where there
are noticeable decreases in C3. This suggests that aromatic, HMW DOM generally is not labile in these
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systems. Changes in C4 indicate a decrease in tryptophan-like DOM over the incubation period in all
samples except early P1-D and P3-D, and possibly late P4, all of which had low DOC:DIN relative to the
other ponds. This suggests that low DIN availability may promote the degradation of protein-like DOM.
Finally, C5 shows the greatest decreases over the incubation period, in all ponds except late P3-D. C5 is a
humic-like, HMW, terrestrially-derived component which, by our hypothesis, should not be labile, yet its
consistent decrease in relative contribution to total fluorescence over the incubation period indicates that
it is microbially degraded in these ponds.
The increases in SUVA254 observed in all samples except late season P3-D indicate an increase in
average DOM aromaticity over the incubation period. An increase in average aromaticity, accompanied
by a concomitant decrease in DOC concentrations suggests that non-aromatic DOM was preferentially
degraded during the incubation, in accordance with our hypothesis. The degradation of aliphatic DOM
would simultaneous decrease DOC concentrations and result in an increased proportion of aromatic
DOM. Strong decreases in the spectral slope ratio (SR) in the early season samples and especially at the
disturbed sites (P1-D and P3-D) indicate the preferential degradation of LMW, likely aliphatic, DOM,
and the preservation of HMW DOM in the ponds affected by disturbance as supported by Helms et al.
2008.
Overall, optical properties suggest that in accordance with our hypothesis, protein-like DOM is
degraded at sites with high DOC:DIN. Furthermore, increases in SUVA254 despite the loss of DOC and
aromatic fluorescent components indicate that aliphatic DOM is available and more readily degraded than
HMW, aromatic DOM. However, a specific HMW, terrestrially-derived organic component (C5) is also
preferentially degraded at all sites, which was unexpected.
2.5.3 Predictors of BDOC
Despite clear relationships between BDOC and changes in optical properties, correlation analysis
and multiple linear regression indicated that of all initial conditions, only the initial aromaticity (i.e.
SUVA254) was a strong predictor of BDOC in our pond samples. If our hypothesis was entirely accurate,
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we would have also expected to see significant linear relationships between BDOC and initial values of
FI, BIX, C4%, and possibly DIN concentrations and DOC:DIN.
There are two possible explanations for the lack of relationship between initial fluorescence
variables and BDOC in this study: 1) FDOM represents a potentially small fraction of the overall DOM
pool and microorganisms are preferentially consuming non-fluorescent DOM without a perceptible effect
on fluorescence indices (Dittmar & Stubbins 2013), or 2) interpretations of labile as synonymous with
fresh, low-molecular weight, proteinaceous organic matter are incomplete (Yoshitake et al. 2007; MarínSpiotta et al. 2014; Fouché et al. 2017) and therefore our indices would not relate to BDOC as we
expected. A combination of both explanations is also plausible.
The strong relationship between SUVA254 supports the first explanation – that microorganisms are
degrading non-fluorescent DOM. The absolute contribution of FDOM to the total DOM pool is still
uncertain. However, the chromophoric DOM (CDOM) pool, which can absorb ultraviolet light, is known
to be larger and completely encompasses the FDOM pool (Dittmar & Stubbins 2013). It is thus possible
that fluorescence analysis does not capture enough of the labile DOM pool to be a useful predictor of
BDOC. Accordingly, the CDOM pool represents more of the DOM available for degradation, and thus
absorbance measurements are a better alternative for predicting DOM lability. This result is contrary to
those of Wickland et al. (2012) and Fellman et al. (2009) who observed FI and protein-like fluorescence,
respectively, to be more strongly correlated to BDOC than absorbance indices in larger river systems.
Additionally, some DOM neither fluoresces nor absorbs ultraviolet light, and yet can be quite labile
(Dittmar & Stubbins 2013; Drake et al. 2015). This supports our interpretation of increasing SUVA254
over the incubation period as evidence for the degradation of non-chromophoric, aliphatic DOM.
The biodegradation C5 and C3 components instead of C4 indicates that these HMW, humic-like
components are relatively labile, contradicting what is generally understood about lability based on
structural characteristics of DOM (Balcarczyk et al. 2009; Fellman et al. 2009; Wickland et al. 2012).
This could be explained by the emerging paradigm in which the quality of DOM must be considered
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alongside environmental conditions to accurately predict DOM lability (Yoshitake et al. 2007; MarínSpiotta et al. 2014; Fouché et al. 2017). Under the correct environmental conditions, DOM thought to be
highly recalcitrant could be consumed (Schmidt et al. 2011). Along the same principal, microorganisms
may ignore theoretically labile DOM if environmental conditions are not conducive to decomposition.
DIN species, in particular, could play an important role in stimulating biodegradation of DOM in the
Arctic where N is often limited (Wickland et al. 2012; Fouché et al. 2017).
Plotting the log-transformed DOC:DIN ratio against BDOC suggests that there may be a strong
relationship that is masked by late P3-D values (Figure 2-8). Elevated aromaticity and/or turbidity at P3-D
might explain why it does not conform to the same linear relationship between DOC:DIN and BDOC as
other ponds. Elevated DIN concentrations in the late P4 sample could help to explain the unexpected
decrease in C3 over the incubation period. In the absence of nutrient limitation, the microbes in the late
P4 sample could have been primed to consume the aromatic, HMW DOM. However, DIN cannot explain
the consistent degradation of C5 DOM at all ponds, since the DOC:DIN varied between ponds.
The decrease in C5 over the incubation period could alternatively be attributed to specialized
microbial communities (Roiha et al. 2016), or else our assumption that a decrease in C5 over the
incubation is due to loss to biodegradation could be incorrect. Von Wachenfeldt et al. (2009) observed
flocculation of DOC in boreal lake samples, which was positively correlated to bacterial respiration and
associated with at concomitant decrease in CDOM. Further, no detectable contributions from bacteria (i.e.
fresh, proteinaceous DOM) were observed by von Wachenfeldt et al. (2009) in the flocculated mass,
suggesting that humic-like, HMW DOM was more likely to flocculate. Our post-incubation filtration step
would have removed any flocculated OM that may have formed over the incubation period. Thus, if any
of the HMW, humic-like C5 DOM flocculated and was removed by filtration, this could explain the
decrease in C5 over the incubation period. Further microbiological analysis and examination of the
flocculated OM produced over incubation experiments are required to explore these possibilities.
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2.5.4 Disturbed vs. Undisturbed Ponds
While fluorescence does not appear to be the best predictor of BDOC, it does highlight important
differences in DOM composition between disturbed and undisturbed ponds. Observations of altered
fluorescence composition in samples from ponds in ALDs (P1-D and P3-D) reinforce the findings of
Wang et al. (2018). P1-D, P2, P3-D, P4, and P6 correspond to the same ponds sampled for Wang et al.
(2018) in 2015. Wang et al. (2018) observed a stronger autochthonous fluorescence signature and a higher
contribution from oxidized, quinone-like DOM accompanied by a lower contribution from UVC humiclike, aromatic, HMW DOM in disturbed ponds. These DOM fractions are represented by PARAFAC
components C5 and C1, respectively, in our study and exhibit the same patterns. The contribution of C5
total fluorescence is higher in P1-D and P3-D than in the undisturbed ponds and is accompanied by a
lesser contribution from C1, compared to undisturbed ponds. Wang et al. (2018) propose that these altered
fluorescent signatures may be indicative of previously elevated microbial activity in the disturbance
ponds. Indeed, P1-D and P3-D do exhibit lower DOC concentrations than other ponds, as they do in the
Wang et al. (2018) study. Similarly, higher slope ratio (SR) values at P1-D and P3-D than at other ponds,
indicates the presence of more LMW DOM in disturbance ponds which continue to increase in proportion
over the incubation period in early season samples. Similar elevated SR values were observed by Fouché
et al. (2017) in disturbed catchments at the Cape Bounty Watershed Observatory.
The lower DOC:DIN ratio in disturbed ponds also suggests potential differences between
disturbed and undisturbed ponds in terms of nitrogen delivery. Previous work in the West watershed at
Cape Bounty has observed elevated concentrations of microbially-derived NO3- concentrations in
disturbed catchments which is attributed to increased mineralization and decreased retention capacity in
ALD scar mineral soils (Louiseize et al. 2014). By removing the organic layer, ALDs limit the demand on
N from plants, prevent denitrification, and expose the underlying mineral soils which contain higher
concentrations of NO3- (Petrone et al. 2006; Harms and Jones 2012; Louiseize et al. 2014). It is possible
that ALDs in the West watershed still have this effect on DIN export four years after it was observed by
Louiseize et al. (2014).
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However, the concentrations of DOC and DIN at P1-D are much lower than at P3-D, which
suggests that there is an additional process governing DIN concentration in P3-D and P4. Increased DIN
export from deep mineral soils to downstream water bodies can occur in the absence of physical
disturbance, as the active layer deepens, and subsurface water flows through mineral soil layers (Petrone
et al. 2006). P3-D is located in a short, steep ALD scar that is more incised than the ALD that contains
P1-D. Furthermore, at the time of sampling EC at P3-D was double that of P1-D and the water at P3-D
was turbid, suggesting subsurface influence. P4 is located at a break in a south-facing slope, where snow
accumulation is likely to occur due to prevailing winds, insulating the ground beneath and leading to
warmer ground temperatures (Garibaldi 2018). P4’s elevated sulfate (SO42-) concentrations and overall
electrical conductivity in the late sampling period and its geomorphic setting suggest that it is likely fed
by subsurface water flowing through the transient layer and exfiltrating at the break in slope (Shur et al.
2005; Kokelj & Burn 2003; Lamhonwah et al. 2017). Active layer depths measured by Peters (2017) in
the vicinity, around the time of sampling in 2016, indicate that thaw did reach the transient layer. The
geomorphic setting and high EC observed at both P3-D and P4 provide evidence for the possibility of
enhanced DIN export to these ponds from deeper mineral soil layers in the late sampling period. As such,
DIN concentrations may be more dependent on thermal perturbation rather than physical disturbance
(Lafrenière & Lamoureux 2013).
Interestingly, the low DOC:DIN does not translate directly to higher BDOC at both P3-D and P4.
The answer to this lies in the quality and quantity of DOM accessible for biodegradation in each pond
(Ward & Cory 2015). Low DOC concentrations and high DOM aromaticity at P3-D in the late sampling
period, may explain why high DIN concentrations did not stimulate greater biodegradation. It is also
possible that the suspended mineral particles that contribute to the turbidity of P3-D bind and occlude
DOM, making it inaccessible to biodegradation, although sorption of DOM to mineral surfaces is more
common with HMW, recalcitrant compounds (Kaiser & Guggenberger 2000). Meanwhile, P4 had the
highest DOC concentrations of all ponds and the lowest SUVA254, indicating that abundant aliphatic,
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LMW DOM is available for biodegradation. Thus, the results indicate that low DOC:DIN only influences
lability when the pond is not C-limited.

2.6 Conclusion
This is the first study to report on the lability of DOM in High Arctic pond waters based on
biodegradation over the course of incubation experiments. Results suggest that in most cases the lability
of DOM in High Arctic ponds (0 – 70%) follows similar trends to that of DOM in Arctic river systems (060%). For example, BDOC is generally higher in the early sampling period (July) than the late sampling
period (August) and aromaticity, indicated by SUVA254, is a strong predictor of BDOC. However, the
incubation results presented in this study suggest that the lability of High Arctic pond DOM does not
always conform to the generally accepted definition of labile, based on molecular structures (as
interpreted by optical properties). This finding supports recent work from river and soil OM studies which
observed that molecular structure alone was not always a strong predictor of lability (e.g., Schmidt et al.
2011; Marín-Spiotta et al. 2014). Despite this, it is challenging to find a common relationship between
environmental conditions and molecular structure and lability across all ponds. Our study demonstrates
differences between ponds in different geomorphic settings. Ponds in physically or thermally disturbed
settings (P1-D, P3-D, and P4) had different chemical and labile DOM compositions than ponds fed by
meteoric or shallow surface waters. Our study also indicates that physical disturbance (i.e. ALD) and
enhanced active layer thaw will not affect all ponds equally and thus may enhance biodegradability in
some ponds, while suppressing it in others. This heterogeneity in pond response emphasizes that not all
Arctic ponds will be hot spots for carbon cycling under a changing climate. Understanding both the DOM
molecular structure and environmental conditions influenced by geomorphic setting such as turbidity and
inorganic N limitation in ponds is thus important to accurately predicting changes in C emissions from
Arctic watersheds.
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Figure 2-1. Maps depicting the ponds sampled for this study at the Cape Bounty Arctic Watershed
Observatory on southern Melville Island, Nunavut. Ponds P1-D and P3-D are located in active layer
detachment (ALD) scars.
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Figure 2-2. Climate data for the 2016 summer field season at the CBAWO west
meteorological (West Met) station, with early and late sampling periods highlighted in green
and yellow.
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a

b

Figure 2-3. a) Initial DOC concentrations in each sample from both sampling periods. Letter superscripts
indicate significant difference (p<0.01) between early and late samples. b) DOC loss over the 28-day
incubation period in pond samples, as a percentage of initial DOC concentration. Error bars in each figure
represent propagated error including standard error (SE) of the mean from duplicate or triplicate analysis and
instrument analytical error.
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Table 2-1. Initial dissolved inorganic nitrogen (DIN) species (nitrate, NO3-; nitrite, NO2-; ammonium, NH4+),
total dissolved DIN, and total dissolved nitrogen (TDN) concentrations for pond samples. DIN is the sum of
concentrations, where available, for nitrate, nitrite, and ammonium. NA indicates that the DIN species was not
detectable.

P1-D
P2
P3-D
P4
P5
P6

P1-D
P2
P3-D
P4
P5
P6

N-NO3- (mg/L)
Early
Late
NA
NA
NA
NA
0.04 (0.00)
7.08 (0.01)
NA
7.6 (0.2)
NA
NA
NA
NA
DIN (mg/L)
Early
Late
0.16 (0.00)
0.10 (0.00)
0.24 (0.02)
0.16 (0.00)
0.60 (0.01)
7.1 (0.4)
0.55 (0.03)
8.9 (0.5)
0.14 (0.00)
0.12 (0.01)
0.19 (0.02)
0.10 (0.00)

N-NO2- (mg/L)
Early
Late
0.004 (0.000) 0.004 (0.000)
0.036 (0.001) 0.004 (0.000)
0.006 (0.000) 0.021 (0.000)
0.010 (0.000) 0.313 (0.006)
0.005 (0.000) 0.006 (0.000)
0.009 (0.000) 0.004 (0.000)
TDN (mg/L)
Early
Late
0.20 (0.03)
0.13 (0.02)
0.8 (0.1)
0.71 (0.07)
0.34 (0.05)
8.4 (0.9)
1.0 (0.1)
8.2 (0.9)
0.39 (0.06)
0.38 (0.04)
0.38 (0.05)
0.30 (0.03)
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N-NH4+ (mg/L)
Early
Late
0.15 (0.00)
0.09 (0.00)
0.20 (0.02)
0.16 (0.00)
0.55 (0.01)
NA
0.54 (0.03)
1.02 (0.01)
0.13 (0.00)
0.11 (0.01)
0.18 (0.02)
0.09 (0.00)
DOC:DIN
Early
Late
21 (1)
18 (1)
71 (6)
70 (2)
5.5 (0.1)
0.33 (0.03)
23 (2)
3.3 (0.5)
50 (2)
50 (5)
39 (3)
52 (1)
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1.30 (0.01)
1.24 (0.01)
1.15 (0.01)

1.18 (0.01)

1.21 (0.00)

1.17 (0.00)

P3_D*

P4

P5

21.6 (0.1)
32.7 (0.2)
37.0 (0.1)
34.6 (0.2)

34.5 (0.1)

32.9 (0.2)

37.5 (0.1)

P4

P5

P6

35.0 (0.1)

33.4 (0.3)

34.2 (0.1)

27.2 (n.a.)

35.9 (0.2)

38.8 (0.1)

40.5 (0.1)

27.7 (n.a.)

P2

27.2 (0.2)

27.4 (0.3)

26.9 (0.1)

P3_D*

P1_D

Early

Late

Late

5.9 (0.2)

5.9 (0.4)

6.0 (0.3)

4.3 (0.7)

9.4 (0.3)

8.2 (0.2)

Early

HIX

3.5 (0.1)

7.9 (0.2)

6.7 (0.0)

4.0 (0.9)

7.2 (0.1)

5.9 (0.4)

Late

31.7 (0.2)

35.5 (0.1)

37.0 (0.2)

28.6 (0.2)

34.9 (0.2)

24.2 (0.3)

Late

12.0 (0.1)

10.8 (0.1)

11.1 (0.1)

10.5 (n.a.)

12.7 (0.1)

10.7 (0.1)

Early

Late

11.6 (0.1)

11.7 (0.0)

10.1 (0.1)

7.8 (0.0)

12.2 (0.1)

11.8 (0.1)

C3%

Late

15.0 (0.3)

10.0 (0.1)

12.6 ± 0.7
11.7 (0.3)

13.3 (0.5)

13.2 (0.4)

18.2 (0.3)

11.3 (0.2)

10.2 (0.3)

C4%

14.5 (n.a.)

8.9 (0.2)

9.1 (0.4)

Early

PARAFAC Components (% relative contribution)

0.64 (0.01)

0.62 (0.00)

0.74 (0.01)

0.92 (0.04)

0.59 (0.01)

0.75 (0.05)

C2%

0.58 (0.00)

0.66 (0.01)

0.68 (0.00)

0.73 (0.03)

0.54 (0.01)

0.78 (0.11)

Early

BIX

Early

C1%

1.15 (0.01)

1.15 (0.01)

1.14 (0.01)

P2

1.13 (0.01)

1.09 (0.00)

1.16 (0.01)

P1_D

P6

Late

Early

FI

Fluorescence Indices

2.0 (0.2)

3.9 (0.2)

10.2 (0.1)

7.0 (0.1)

20.1 (n.a.)

Late

7.2 (0.1)

5.8 (0.3)

6.9 (0.1)

23.8 (0.0)

2.8 (0.2)

26.4 (0.3)

C5%

26.1 (0.2)

Early

Table 2-2. Initial values for fluorescence indices: fluorescence index (FI), biological freshness index (BIX), and humification index
(HIX), and parallel factor (PARAFAC) analysis components, expressed as their percentage relative contribution to total fluorescence. All
values are based on triplicate measurements unless otherwise noted. Error is reported as standard error of the mean (n=3).

0.15

0.06
Early

Late

0.10

0.04

0.05

BIX

FI

0.02
0.00
-0.02

-0.15
-0.20

-0.06
P1-D P2

P3-D P4

P5 P6

2.0

Change in C1 (Q.S.U)

HIX

1.0
0.5
0.0
-0.5
-1.0
P1-D P2 P3-D P4

P5

P6

P1-D P2 P3-D P4
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P6

P1-D P2 P3-D P4
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Figure 2-4. Changes in fluorescence properties over the 28-day incubation period. FI,
BIX, and HIX are unitless, while the PARAFAC components are expressed in terms of
percent relative contribution to total fluorescence. The first bar in each cluster represents
the early season data, while the second represents late season data. Positive change
indicates an increase in the absolute value over the incubation period. Error bars
represent standard error.
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Figure 2-5. The five fluorescence components indicated by parallel factor analysis (PARAFAC) for the
ponds dataset (n=160). Descriptions of the components are included in Table B2.
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Figure 2-6. Relative percent contribution of PARAFAC components to total fluorescence, by site, in the
early and late sampling period.
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Table 2-1. Initial values of absorbance indices: specific ultraviolet absorption at 254 nm
(SUVA254), absorbance at 350 nm (a350), and spectral slope ratio (SR).
SUVA254
a350 (m-1)
SR
(L mg C-1cm-1)
Early
Late
Early
Late
Early
P1_D
2.2 (0.1)
2.3 (0.1)
1.3 (0.0)
0.6 (0.1)
1.7 (0.2)
P2
2.9 (0.1)
2.8 (0.9)
12.9 (0.1)
8.5 (0.1)
1.2 (0.0)
P3_D*
1.5 (0.3)
8 (4)
1.0 (0.1)
8 (3)
1.8 (0.1)
P4**
1.7 (0.0)
0.4 (0.1)
4.9 (0.1)
2.8 (0.0)
1.2 (0.0)
P5
2.1 (0.1)
2.5 (0.1)
3.2 (0.0)
3.3 (0.1)
1.4 ((0.0)
P6
3.0 (0.1)
4 (2)
6.7 (0.1)
7 (2)
1.3 (0.0)

Late
1.5 (0.3)
1.2 (0.0)
1.4 (0.1)
1.0 (0.0)
1.2 (0.0)
1.3 (0.1)

*Early sampling P3-D absorbance indices are based on a single measurement due to vial breakage. Absorbance index
error is calculated as the average of error for early P3-D samples at other time points.
**Late P4 samples are based on duplicate instead of triplicate measurements.
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Figure 2-7. Changes in absorbance properties over the 28-day incubation period. First bar in each cluster
represents early season data, while the second bar represents late season data. Error bars represent
standard error.
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a

b

Figure 2-8. a) Relationship between log-transformed SUVA254 and BDOC. b) Relationship between logtransformed BDOC and DOC:DIN.
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Chapter 3
Investigating the relationship between soil water-extractable organic matter
composition and soil respiration
3.1 Abstract
Arctic soils contain a large amount of carbon stored in soil organic matter (SOM) that, if labile,
may be released to the atmosphere as carbon dioxide or methane. However, the controls on the lability of
this SOM are poorly understood, especially in surface soils where most biological activity occurs.
Furthermore, little is known about the lability of the dissolved fraction of organic matter in these soils,
which is most bioavailable for in situ decomposition as well as easily mobilized for hydrologic transport.
In this study, surface soil samples (0-10cm) were collected at the beginning, middle, and end of the
growing season from five land cover classes at the Cape Bounty Arctic Watershed Observatory on
Melville Island (Nunavut): active layer disturbance scar (ALD), mesic tundra (MT), unvegetated polar
desert (PDD), vegetated polar desert (PDV), and wet sedge (WS). Samples were incubated for 30 days at
20°C to measure CO2 emissions. Water-extractable organic matter (WEOM) was obtained from both preincubation and post-incubation soils and analyzed for optical (fluorescence-absorbance) properties,
dissolved organic carbon (WEOC; aliquots filtered through 0.4 µm and 0.7 µm), and total dissolved
nitrogen concentrations. Results indicate that CO2-C emissions varied by vegetation type in each
sampling period. Percent changes in WEOC04 concentrations were high (16 ± 9% to 73 ± 14%) and
contributed up to 60% of overall CO2-C emissions. Finally, optical properties indicate that the molecular
structure of labile WEOM filtered through 0.4 µm varies depending on the C limitation of the soils, as
defined by vegetation cover and SOC content. Ultimately, this study highlights heterogeneity in the
definition of lability over a fine spatial scale, which should be further investigated in conjunction with
microbial analysis, in order to better predict how CO2-C emissions from soils will change in the future.
Key words: lability, soil organic matter, water extractable organic matter, High Arctic, carbon dioxide
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3.2 Introduction
Soils in the Arctic represent an important store of carbon (C) that may be released to the
atmosphere as the climate warms (Hugelius et al. 2014). This C is stored in soil organic matter (SOM)
that, if labile, may be decomposed by microorganisms. Surface soils (0-10 cm) harbour the most
biological activity and highest decomposition rates in permafrost environments (Nadelhoffer et al. 1991;
Walz et al. 2017; Li et al. 2018) and thus play an important role in organic matter cycling. The lability of
surface SOM is controlled by both the quality of SOM (e.g. molecular structure, C:N) and environmental
conditions (temperature, soil moisture, pH, and nutrient availability) both of which can be related to
vegetation cover (Christensen et al. 1999; Hobbie et al. 2000; Neff & Hooper 2002; Mack et al. 2004;
Nowinski et al. 2008; Marín-Spiotta et al. 2014; Natali et al. 2015). Climate warming will alter
environmental conditions and vegetation communities in the High Arctic through landscape disturbance
and enhanced active layer development, thus influencing the lability of surface SOM (Lantz et al. 2009;
Neff & Hooper 2002; Paré & Bedard-Haughn 2013). It is therefore important that we understand the
lability of SOM in these surface soils in order to predict how altered environmental conditions in the most
biologically active soil layer will change due to climate warming, thereby affecting C emissions. This
research is especially important in the mineral soils of the Canadian High Arctic Archipelago, for which
there is a dearth of data (Metcalfe et al. 2018).
More specifically, it is important to understand the soluble or dissolved fraction of OM (DOM) in
surface soils because it is often the most bioavailable to microorganisms (Brooks et al. 1999; Neff &
Asner 2001; Chantigny 2003). Sources of soil DOM include plant litter, root exudates, microbial biomass
and existing SOM (Kalbitz et al. 2000). If readily available to decomposers under the right environmental
conditions, DOM can be degraded in situ and released as carbon dioxide (CO2) or methane (CH4)
(Schmidt et al. 2011; Marín-Spiotta et al. 2014) . Alternatively, DOM can percolate to deeper soil
horizons, adsorb to mineral particles or may be hydrologically transported downslope to aquatic
ecosystems (Kalbitz et al. 2000; Corvasce et al. 2006; Frey & McClelland 2009). In the past, many
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studies have assessed the lability of soil DOM using alkaline extraction methods, which chemically alter
the DOM leading to misinterpretations of molecular structure and are not representative of in situ pH
conditions (Schmidt et al. 2011; Lehmann & Kleber 2015). A recommended alternative is the extraction
of soil DOM using water, which yields WEOM, or water-extractable organic matter and is more
representative of the DOM fraction that could be mobilized in situ (Jones & Willett 2006; Lehmann &
Kleber 2015).
In this study, we collected soil samples from different land cover classes at the Cape Bounty
Arctic Watershed Observatory (CBAWO) on Melville Island, Nunavut, in the Canadian High Arctic
Archipelago in the early, mid-, and late growing season. The soils were subsampled for short-term aerobic
incubations and WEOM was obtained from both pre- and post-incubation soils. We assessed the optical
properties (indicative of molecular structure) and chemical composition of WEOM alongside incubation
results in order to understand the lability of WEOM and its overall contribution to CO2-C respiration in
High Arctic soils. Our hypotheses were that 1) WEOM would be the most labile fraction of SOM, thus
contributing the most to CO2-C respiration, 2) WEOM lability and CO2-C respiration would vary by
vegetation type and by sampling period, and 3) optical properties would be strong predictors of lability.
The results of this study contribute to the scientific understanding of controls on SOM lability in High
Arctic soils.
3.2.1 Study Site
This study was conducted in the West River watershed at the CBAWO on Melville Island, NU,
(74°54’N, 109°35’W) in the Canadian Arctic Archipelago during the 2017 field season (Figure 3-1). The
West River watershed is underlain by continuous permafrost and is characterized by gently sloping terrain
at 100-125 m above sea level (Lamoureux & Lafrenière 2009). The geology of the West River watershed
is Devonian sandstones and siltstones overlain by early Holocene glacial and marine sediments and
predominantly mineral soils with a thin organic layer (Hodgson et al. 1984; Beamish et al. 2014).
Approximately 2.7% of the West River watershed is affected by active layer detachments (ALD) which
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occurred in August 2007 and exposed the underlying mineral soil layer (Lamoureux & Lafrenière 2009;
Lewis et al. 2012). Vegetation cover in the CBAWO is dominated by polar semi-desert and mesic tundra
communities with smaller pockets of wet sedge meadow where soil moisture is elevated due to perennial
snowbanks or ponding (Collingwood et al. 2014).
The CBAWO is characterized by a High Arctic tundra climate with cold summer temperatures
and low precipitation. Mean summer (June-August) temperature at the nearest long-term meteorological
station at Mould Bay, NWT, approximately 300 km northwest of the CBAWO, is 1.7°C. Mean annual
precipitation at Mould Bay was 111.0 mm. Most precipitation falls as snow, although more heavy
summer rainfall events have been observed in recent years (Lamoureux & Lafrenière 2017). Peak
discharge in the West River occurs during snow melt which occurs in late May or early June. The thaw
season lasts until mid-August to early September, with the peak growing season in mid- to late-July
(Arruda, 2016). Active layer thaw can attain maximum depths of 0.75 -1.0 m by late July or early August
(Lafrenière et al. 2013; Lamhonwah et al. 2017; Peters 2017).
3.2.2 Sample Collection and Processing
Triplicate surface soils (0-10 cm) were collected during the 2017 field season using a 10 cm soil
corer (5 cm inner diameter) in each of the five dominant land cover classes of the CBAWO West
Watershed: polar semi-desert (no vegetation), polar semi-desert (vegetated), mesic tundra, wet sedge, and
active layer detachment (ALD) scar (Figure 3-2).
The polar semi-desert vegetation community is characterized by low soil moisture and sparse
vegetation. For the purposes of this project, this landcover class was divided into unvegetated and
vegetated categories. At Cape Bounty, the unvegetated polar semi-desert sites (PDD) have the lowest soil
moisture (<20% gravimetric moisture) and little vegetation (Atkinson & Treitz 2013). The vegetated
polar semi-desert sites (PDV) are isolated patches within the widely unvegetated PDD, these sites have a
higher soil moisture content and are dominated by Artic willow (Salix arctica) (Gregory 2011;
Collingwood et al. 2014). The mesic tundra (MT) site is characterized by an intermediate soil moisture
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(20-55%, Atkinson & Treitz 2013). The mesic tundra vegetation community is dominated by
cyanobacterial mats (Nostoc commune) as well as mosses and graminoids, with smaller contributions
from willows and forbs (Gregory 2011; Atkinson & Treitz 2013). The wet sedge community (WS) has the
highest soil moisture content (>55%) and is dominated by sedges (Eriophorum spp.), Nostoc commune,
and moss (Spaghnum spp.) (Atkinson & Treitz 2012). The ALD scar zone is characterized by dense, claylike mineral soils and an absence of vegetation.
Samples were collected at three time points during the field season: early (July 3-5th), middle
(July 21st), and late (August 6th) in order to compare how changing environmental conditions over the
field season, such as soil moisture and temperature, influence soil DOM lability. Soil moisture content (5
cm ThetaProbe; Delta-T Devices, Cambridge, UK) and temperature (10 cm probe; Taylor Precision
Products, Oak Brook, Illinois) were measured at the site of each sample prior to coring. Soils were stored
in Whirl-Pak bags, frozen, and transported to the Facility for Biogeochemical Research in Environmental
Change and the Cryosphere (FaBRECC) at Queen’s University in Kingston, Ontario.
3.2.3 Soil Analysis
Soil samples were thawed overnight at 4°C, then homogenized. Subsamples were taken for soil
gravimetric moisture, water-extractable organic matter, carbon and nitrogen (C/N) elemental analysis and
incubation experiments. All visible roots and stones were removed from each subsample prior to analysis.
Gravimetric Water Content and Water Holding Capacity
A 5-12 g subsample of each soil was dried at 105°C for 24 hours and then reweighed to
determine gravimetric water content (GWC%). An additional 25 g subsample was used to determine
water holding capacity by saturating the soil with deionized (DI) water in a closed funnel for six hours,
then removing the stopper and allowing the soils to drain freely for 24 hours. After 24 hours the mass of
the saturated (100% water holding capacity) soils was measured, and then soils were dried for 24 hours at
105 °C and re-weighed to determine dry mass. Water holding capacity at 60%, the optimal moisture level
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for microbial activity, was calculated for each sample to determine how much DI water to add to soil
samples prior to incubation.
Water Extractable Organic Matter
Water-extractable organic matter (WEOM) samples were obtained by mixing a 35 g subsample of
unsieved, field moist soil with DI water (1:10 w/v) and shaking at 250 rpm for 30 minutes (Dutta et al.
2006; Jones & Willett 2006). Jones & Willett (2006) recommend using a DI water or chemical extractant
(e.g. 2 M KCl, or 0.5 M K2SO4) but specify that a DI water extract will yield the closest results to true soil
solution, while chemical extractants will yield DOC and DON in both soil solution and mineral exchange
phases. We chose to perform DI water extractions for this reason, and because chemical extractants would
interfere with optical analysis. The extract was poured into four, acid-rinsed 50 mL conical centrifuge
tubes (FalconTM, Thermo Fisher Scientific, Waltham, MS, USA) and centrifuged at 2500 rpm for 30
mins. Three aliquots of the supernatant liquid were collected. The first was filtered through 47 mm
polycarbonate filter (0.4 µm pore size) rinsed five times with DI water while the second was filtered was
through a pre-combusted (450 °C) 47 mm glass fiber filter (GF/F, 0.7 µm pore size), each into a precleaned certified 45-mL EPA amber glass vial for immediate optical and DOC/TDN analysis. Remaining
supernatant liquid was filtered through a 0.22 µm Millipore polyvinylidene fluoride (PVDF) filter into
two 25 mL clear HDPE scintillation vials (Wheaton), and frozen for future analysis of major ion
concentrations. DI water procedural and filtered blanks for the water extraction method were also
collected. This extraction procedure was repeated with incubated soils at the end of a 30-day incubation
experiment. Water extract pH was measured with an Orion Ross Ultra pH probe (Thermo Fisher
Scientific, Waltham, MS, USA) calibrated with a 3-point curve using pH 4, 7, and 10 buffers. Water
extract EC was measured with an Orion conductivity probe (Thermo Fisher Scientific, Waltham, MS,
USA) calibrated with 100 µS and 1400 µS standards and autocorrected for temperature to 25°C (linear ±
2% per °C).
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Incubation Experiments
A ~35 g subset of each soil sample was incubated in a triple DI water rinsed glass jar in the dark,
at 20°C for 30 days. DI water was added to each sample to bring moisture content to 60% water holding
capacity (as per Yoshitake et al. (2007); Li et al. (2018); N. Scott, pers comm., Feb 2018). Alkali traps
(2.5 – 4.5 ml 0.5 N sodium hydroxide (NaOH) in small glass vials) were also placed in the jar to capture
CO2(g) emitted from the soils during the incubation period. At the end of the 30-day experiment, soils
were re-sampled for water-extraction (see above) and SOC and nitrogen (N) analysis. Following the
addition of 500 µL of barium chloride (BaCl) to halt further reaction, alkali traps were titrated to a pH of
8.5 with 0.5 N hydrochloric (HCl) using a phenolphthalein acid-base indicator. CO2 reacts with NaOH
according to Equation (1). The moles of NaOH remaining (NaOHR) after the incubation period are
calculated based on a one-to-one mole ratio between HCl and NaOH in an acid-base reaction (Equation
2). The loss of NaOH (NaOHL) is calculated using the known initial volume of NaOHi, and the NaOHR
derived from the moles of HCl used in the titration (Equation 3). The NaOH lost is then assumed to be
entirely due to reaction with CO2 (Equation 2), therefore we use the 1:2 mol ratio between CO2 and NaOH
to convert moles of NaOH lost to moles of CO2 respired over the incubation period (Equation 4).
𝐶𝑂2 (𝑔) + 2𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝐻2 𝑂(𝑙) + 𝑁𝑎2 𝐶𝑂3(𝑎𝑞)

(Equation 1, simplified)
𝐻𝐶𝑙(𝑎𝑞) + 𝑁𝑎𝑂𝐻 → 𝐻2 𝑂(𝑙) + 𝑁𝑎𝐶𝑙(𝑎𝑞)

(Equation 2)
𝑚𝑜𝑙 𝑁𝑎𝑂𝐻𝐿 = 𝑚𝑜𝑙 𝑁𝑎𝑂𝐻𝑖 − 𝑚𝑜𝑙 𝑁𝑎𝑂𝐻𝑅 = 𝑚𝑜𝑙 𝑁𝑎𝑂𝐻𝑖 − (𝑚𝑜𝑙 𝐻𝐶𝑙 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛)

(Equation 3)
𝑚𝑜𝑙 𝑜𝑓 𝐶𝑂2 (𝑔) 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 0.5 ∗ 𝑚𝑜𝑙 𝑁𝑎𝑂𝐻𝐿
(Equation 4)
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Carbon and Nitrogen Elemental Analysis
All pre- and post-incubation soil samples were analyzed for carbon (C) content on a Tru-Spec
elemental analyzer (LECO Corporation, St. Joseph, MI, USA), calibrated to a mineral soil standard (C:
12.29%). Prior to elemental analysis, soils were dried at 60°C for approximately 43 h and then ground in
an 8000M Mixer/Mill (Thomas Scientific, Swedesboro, NJ, USA) for 1 minute. 60 mg of ground soil was
measured into an 8 ml vial, wetted with DI water at a ratio of 1:6 (v/w), and placed in a desiccator with
100 mL 12N HCl for 24 hours to remove inorganic carbon by acid fumigation (Harris et al. 2001).
Following acid fumigation, samples were dried at 60°C for 24 hours and then analyzed for C and N. At
least 1 in 5 samples were duplicated within each run and drift samples (mineral soil standard) were run in
triplicate after every 20 samples. All samples were drift corrected. Percent C repeatability was generally
within 5% or had a standard deviation less than 0.1, however, five replicates fell outside this range and
are thus associated with greater uncertainty. See Table D2 and D3 in Appendix D QAQC details and a list
of replicates for which repeatability exceeded 5%.
3.2.4 Water Extract Sample Analysis
Fluorescence-Absorbance
Fluorescence-absorbance analysis was conducted on an Aqualog compact, steady-state
spectrofluorometer (Horiba Scientific, Kyoto, Japan). Samples were scanned for simultaneous
fluorescence and absorbance analysis at 3 nm between excitation wavelengths of 240 – 600 nm and
emission wavelengths of 255 – 600 nm at integration times of 1-4 s, depending on the fluorescence
intensity of the sample. Using the Aqualog software, resultant emission-excitation matrices (EEMs) were
blank subtracted, corrected for inner-filter effects and first and second order Raman and Rayleigh
scattering, then normalized to a quinine-sulfate standard.
Fluorescence data were used to calculate the fluorescence index (FI), the humification index
(HIX), and the biological index (BIX). The FI was developed by McKnight et al. (2001); it indicates
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whether DOM is of terrestrial or microbial origin and is calculated as the ratio of fluorescence intensity
(I) at 450 nm and 500 nm at wavelength of 370 nm (Equation 5).
𝐼

𝐹𝐼 = 𝐼𝑒𝑚450,𝑒𝑥350
𝑒𝑚500,𝑒𝑥350

(Equation 5)

The HIX is a measure of the degree of processing that DOM has undergone (Ohno 2002). It is calculated
as the sum of the fluorescence intensity over the emission wavelengths 300 – 345 nm range, divided by
the sum of fluorescence intensities over the 300-345 nm and 435 – 480 nm ranges (Equation 6).

𝐻𝐼𝑋 =

𝐼𝑒𝑚300→345,𝑒𝑥254
𝐼𝑒𝑚300→345𝑒𝑥 254𝑛𝑚 +𝐼𝑒𝑚435→480,𝑒𝑥254𝑛𝑚

(Equation 6)

Finally, the BIX is a measure of the presence of the β fluorophore, an indicator of autochthonous
production and is calculated by dividing the fluorescence intensity at an emission wavelength of 380 nm
by the fluorescence intensity at an emission wavelength of 430 nm (Huguet et al. 2009; Equation 7).
𝐼

𝐵𝐼𝑋 = 𝐼𝑒𝑚380,𝑒𝑥310𝑛𝑚
𝑒𝑚450,𝑒𝑥310𝑛𝑚

(Equation 7)

Similarly, absorbance data were used to calculate common indices including the specific UV
absorption at an excitation wavelength of 254 nm (SUVA254), the spectral slope ratio (SR), and the
absorption coefficient at an excitation wavelength of 350 nm (a350). SUVA254 is an indicator of dissolve
aromatic carbon content and is calculated as the decadal absorption (log10 of transmittance) at an
excitation wavelength of 254 nm normalized by DOC concentration (mg/L), in a 1 cm pathlength quartz
cuvette (Weishaar et al. 2003). The SR is the ratio of the slope of absorption between emission
wavelengths of 275-295 nm (S295) and 350-400 nm (S400); SR can elucidate whether DOM has undergone
photochemical or microbial processing and is further indicative of molecular weight (Helms et al. 2008).
Finally, a350 is an indicator of CDOM content that is generally well-correlated to DOC and lignin phenol
concentrations (Mann et al. 2016; Fouché et al. 2017).
DOC and TDN
Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) concentrations were
measured on a TOC-VPCH/TNM system (Shimadzu Corp., Kyoto, Japan). This system analyzed DOC as
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non-purgeable organic carbon by combustion at 720°C. TDN was measured by chemiluminescence. All
incubated aliquots were analyzed for DOC and TDN within 24 hours of fluorescence-absorbance analysis
to minimize the risk of enhanced microbial activity due to vial headspace. Blanks (DI water), method
checks, and method detection limit standard were duplicated within and between each run. Sample results
are based on the best 3 of 5 injections with all except seven samples for DOC and eight for TDN having a
coefficient of variation less than 2% or standard deviation less than 0.1. Every fifth sample was duplicated
within the run. Repeatability between duplicates was better than 5% for all 0.4 µm filtered WEOC
(WEOC04) samples and 6% for all TDN. Repeatability for 0.7 µm filtered WEOC (WEOC07) was
generally less than 10% although one MT sample had a 33% difference between duplicates in the same
run. Poorer reproducibility between WEOC07 replicates is attributed to OM association with fine
particulates which pass through the larger pore size and may settle between first and second
measurements. Only WEOC04 was used for lability calculations. See Appendix D for complete quality
assurance-quality control (QAQC) procedures and results.
3.2.5 Statistical Analysis
Emission-excitation matrices (EEMs), normalized to total fluorescence, were used to conduct a
parallel factor (PARAFAC) analysis yielding the major components present in WEOM samples.
PARAFAC analysis was performed in MATLAB using the N-way and DOMFluor toolboxes. Results
were validated by residual and spectral sum of square error analysis, split-half analysis, and random
initialization according to the tutorial published by Stedmon and Bro (2008).
One-way and repeated measures ANOVAs, correlation analyses, and multiple linear regression
were performed in SPSS (IBM, Version 24) to compare variable differences between sampling periods
and between land cover classes and to explore predictors of C respiration and WEOM lability. All data
was log-transformed prior to analysis.
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3.3 Results
3.3.1 Soil Respiration
Figure 3-3 illustrates differences in soil respiration over the incubation period between land cover
classes and sampling periods. One-way ANOVA indicates significant differences in soil respiration CO2C; mg C/g dry soil C) between land cover in all sampling periods (Early: F(4,10)=40.433, p<0.001; Mid:
F(4,10)=8.595, p<0.005; Late: F(4,9)=44.820, p<0.001). A post-hoc Tukey test indicated that MT was
significantly higher than ALD and PDD soils in all sampling periods (p<0.01). WS was significantly
lower than MT in the early sampling period (p<0.05) and significantly higher than ALD and PDD soils in
the late sampling period (p<0.005). In the middle sampling period, WS CO2-C respiration was not
significantly different from any of the other sites. Repeated measures ANOVA also indicated a
significant difference in soil respiration between sampling periods in WS soils (F(1,2)=54.424, p<0.05),
where respiration was significantly higher in late samples than early samples. There no statistically
significant differences between sampling period at any other site (Figure 3-3).
3.3.2 Water Extractable Organic Carbon (WEOC)
There were significant differences between land cover classes in 0.4 µm filtered WEOC
(WEOC04) in mid-season samples (F(4,10)=8.877, p<0.005) and late season samples (F(4,10)=8.445,
p<0.005), but not in early season samples (F(4,10)=3.447, p=0.05). In the mid-season samples, WEOC04
from WS soils was significantly higher than WEOC04 from ALD and PDD soils (p<0.05). In the late
season samples, both PDV and WS WEOC04 were significantly higher than WEOC04 from PDD and
ALD soils. There were no significant differences in WEOC04 between sampling periods at each site
(Figure 3-4a).
WEOC04 concentrations represented a small fraction of the overall SOC (<0.4%), but changes in
WEOC04 from pre- to post-incubation soils represented from 0-60% of total CO2-C respired over the
incubation period. The percentage changes in WEOC04 (%BWEOC04) between the pre- and postincubation are high (Figure 3-4b). All samples had higher WEOC04 in pre-incubation soils, ranging from
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16% ± 9% to 73% ± 14%, except early and mid-season ALD and PDD. There were no statistically
significant differences in %BWEOC04 changes over the incubation period between land cover classes in
the early season (F(4,10)=4.258, p>0.01), mid-season (F(4,10)=4.750, p>0.01), or late season
(F(4,10)=2.577, p>0.05), nor were there statistical differences between seasons at each site (Figure 3-4b).
There were statistically significant differences between land cover samples for 0.7 µm filtered
WEOC (WEOC07) in early season samples (F(4,10)=21.262, p<0.001) and late season samples
(F(4,10)=6.135, p<0.01), but not in mid-season samples (F(4,10)=3.168, p=0.06). In the early season,
ALD WEOC07 concentrations were significantly higher than PDD WEOC07 but significantly lower than
PDV WEOC07 (p<0.05, not shown). In the late season, MT WEOC07 concentrations were significantly
higher than PDD WEOC07 concentrations. There were no significant differences in WEOC07 between
sampling periods at each site. Although statistically insignificant WEOC07 is higher than WEOC04 in
WEOM from all soils except PDV in the early and late season (Figure 3-5). Samples filtered through the
0.7 µm also remained visibly turbid, preventing optical analysis.
3.3.3 WEOM pH and EC
Tables E2 and E3, in Appendix E, illustrate the pH and electrical conductivity (EC) of soil water
extracts. pH was highest in ALD and PDD soil extracts and lowest in WS extracts. EC was highest in
ALD soil extracts and lowest in WS soil extracts, both pre- and post-incubation.
3.3.4 WEOM Optical Properties
Parallel factor (PARAFAC) analysis identified four major components in the fluorescence dataset
(n=79, Figure 3-6), all of which are comparable to other studies (Table E4 in Appendix E; Coble 1996;
Fouché et al. 2017; Wang et al. 2018; Fellman et al. 2010). The first component (C1) is a humic, low
molecular weight (LMW) component of marine- or terrestrially-derived microbial origin with
fluorescence intensity peaks at an excitation wavelength of 258 nm and 330 nm and emission wavelength
of 437 nm (ex. 258 nm/em. 437 nm and ex. 330 nm/em. 437 nm). C1 makes a larger contribution to
WEOM in soils from vegetated sites (MT, PDV, and WS) than soils from unvegetated sites (ALD and
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PDD) (Figure 3-7). C2 is a is a humic-like, high-molecular weight (HMW), aromatic component with
maximum fluorescence intensity at ex. 261 nm/em. 490 nm. C3 in our model is technically undefined (ex.
258 nm/em. 394 nm), however it likely represents a combination of a protein-like component and a
humic-like component, which are found in previous studies from this site (Fouché et al. 2017; Wang et al.
2018; Thiel et al. in preparation). For this study, a five-component model (Figure E1, Table E5 in
Appendix E) that separates C3 into a tryptophan-like peak (ex. 282 nm/em. 336 nm) and a humic-like
peak (ex. 258 nm/em. 401 nm) was found, but this model could not be validated according to the methods
outlined in section 3.2.5 because the dataset was too heterogeneous in DOM composition to establish a
statistically robust model. This unvalidated model nevertheless supports our interpretation regarding the
mixed nature of the C3 component in the four component model. A strong correlation between C3%
contribution to total fluorescence and BIX (r=0.954, p<0.01) and between C3% and nitrate-N
concentrations (r=0.649, p>0.05) further support C3’s proteinaceous nature. Figure 3-7 shows that
WEOM from ALD soils had the highest contribution from C3 and the least contribution from C4 relative
to all other soils. Finally, C4 is a semi-quinone-like, aromatic, HMW component (ex. 303 nm/em. 564
nm).
Changes from pre- to post-incubation in the absolute value of PARAFAC components are
depicted in Figure 3-8. Variability in the pre- to post-incubation change is high between replicates, hence
paired t-tests indicated no significant differences at each site apart from late ALD (t(2) = -16.766,
p<0.005), however in general C1 and C2 components are higher in post-incubation soil WEOM while C3
is lower, except at mid and late season ALD and PDD. In comparison, changes in the C4 component are
minimal, except at the early MT site where there is a noticeable increase from pre- to post-incubation soil
WEOM (Figure 3-8).
Tables 3-1 and 3-2 outline the fluorescence and absorbance indices values for all pre-incubation
soil water extracts. FI and BIX are both highest in ALD pre-incubation soils. There are minimal changes
in FI and BIX between pre- and post-incubation soil water extracts (Figure 3-9). In general, HIX
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increased between pre- and post-incubation soil water extracts. The largest changes were observed in
vegetated soils (MT, PDV, WS).
A350 (a measure of CDOM) absorption, is lowest in ALD and PDD soils (Table 3-2). The
spectral slope ratio (SR) is highest in PDD and ALD soil water extracts and lowest in WS soil water
extracts. In pre-incubation soil water extracts, SUVA254 was lowest in WS soils and highest in MT soils.
Between pre- and post-incubation soil water extracts, SUVA254 decreased in ALD, MT, and PDD in all
sampling periods, and increased in PDV and WS in all sampling periods (Figure 3-9).
3.3.5 Relationships between WEOM Optical Properties and Soil CO2 Respiration
Correlation analysis on log-transformed data indicates that CO2-C respiration is significantly
correlated (p<0.01) to total C and N content, gravimetric and volumetric moisture content, FI, WEOC04,
WEOC07, the change in WEOC04 over the incubation, C1%, a350, SR, and WEOC:WETDN for 0.7 µm
filtered WEOM (see Table E6). Change in WEOC04 from pre- to post-incubation soil water extracts is
significantly correlated to volumetric moisture content, total soil C, gravimetric moisture, WEOC04,
WEOC07, C1%, C2%, C3%, SO42-, EC, a350, and SR (see Table E6 in Appendix E). Change in WEOC07
from pre- to post-incubation soil water extracts is significantly correlated to BIX, FI, C3%, C4%, N-NO3-,
WEOC:WETDN for 0.4 and 0.7 µm filtered WEOM (Table E6).
We used stepwise multiple linear regression (SMLR) to explore predictors of CO2-C respiration.
When only molecular structure variables are considered (FI, BIX, HIX, SUVA254, SR, C1-C4%), the
spectral slope ratio (SR) from WEOM04 is the strongest predictor of C respiration (r2=0.445,
F(1,12)=9.625, p<0.01) where log(C respiration) = 1.096 -2.671*log(SR). When environmental conditions
(soil moisture and temperature, C:N, WEOM pH and EC, DOC:DIN) are included in multiple regression
analysis, pH and gravimetric soil moisture are the strongest predictors of CO2-C respiration (r2=0.846,
F(2,11)=30.216, p<0.000) where log(C respiration) = -1.943 + 1.140*log(Gravimetric Moisture) +
1.524*log(pH).

85

The relative contribution of PARAFAC component 1 to total fluorescence (C1%) is the strongest
predictor of change in WEOC04 over the incubation period when optical variables are considered alone
and also when considered in conjunction with environmental variables (r2=0.530, F(1,12)=12.535,
p<0.005) where log(change in WEOC04) = 0.251 + 1.297*log(C1%).

3.4 Discussion
C Respiration and WEOC
CO2-C respiration varied significantly between vegetation sites, within in each sampling period,
but not between seasons at each site. Understandably, soils from more vegetated sites (MT, PDV, and
WS) exhibited higher rates of respiration due to elevated C inputs from plant litter, root exudates, and
microbial biomass (Nadelhoffer et al. 1991; Jones 1998; Grogan & Chapin 1999; Iversen et al. 2014). The
lack of statistically significant variation between sampling periods at all sites except WS was surprising
because strong differences between the sampling periods, reflecting differences in CO2-C release before,
during, and after the peak growing season, were expected (Grogan & Chapin 1999). High heterogeneity
between soil samples as well as a simultaneous dependence on multiple variables including litter DOC
inputs and changing soil moisture over the season may explain the lack of statistically significant
variation between sampling periods.
While WEOC04 concentrations accounted for only a small percentage of overall SOC content in
this study, changes in WEOC04 concentrations between pre- and post-incubation soils account for up to
60% of total CO2-C respired. Additionally, this study highlights a significant correlation between
WEOC04 concentrations and CO2-C respiration. These results suggest that WEOM is labile in these soils
and makes an important contribution to overall CO2-C respiration. This agrees with previous studies
which have identified the DOC pool in soils as the most actively cycled pool of CO2-C in soils since it is
most bioavailable to organisms (Brooks et al. 1999; Neff & Asner 2001; Chantigny 2003).
Interestingly, the results of this study indicate that WEOC concentrations in the extracts filtered
through a 0.7 µm pore size were generally higher than the concentrations in extracts filtered through a 0.4
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µm pore size, in ALD, MT, and WS soils. The higher WEOC concentrations, paired with visible
turbidity, in the 0.7 µm filtered extracts suggest that strong associations between SOM and colloids or
fine particulates may have limited the quantity of SOM extractable using DI water, as opposed to
chemical extractants (Kalbitz et al. 2000; Kaiser & Guggenberger 2000; Jones & Willett 2006). The
molecular structure of this OM is not definable by fluorescence-absorbance due to turbidity and it is
unclear whether the additional OM associated with this colloidal or fine particulate fraction is labile.
Future research should focus on better defining the molecular structure of this SOM and how associations
with colloids or fine particulates affect microbial access to this SOM.
WEOM Optical Properties and Lability
The final objective of this study was to assess the relationship between the molecular structure of
the WEOM (as indicated by optical properties) and lability. No studies, to our knowledge, have examined
the change in WEOM optical properties before and after a soil incubation. It is important to note,
however, that this study did not investigate changes in WEOM in isolation. That is, the WEOM obtained
after incubation may contain SOM that was not water-extractable at the beginning of the incubation but
was altered to an extractable form over the incubation period, hence it is possible that the WEOM postincubation is higher than that extracted prior to incubation. It is also important to note that fluorescence
properties (PARAFAC components, HIX, BIX, and FI) only capture the fluorescent DOM (FDOM) pool,
while absorbance properties (SUVA254, SR, a350) capture the larger chromophoric DOM (CDOM) pool
(Dittmar & Stubbins 2013).
Changes in PARAFAC components and fluorescence indices (Figures 3-8 and 3-9) indicate that
humic-like fluorescent WEOM (represented by C1 and C2) increases in most soil WEOM from pre- and
post-incubation samples. Likewise, HIX remains stable or increases especially at more vegetated sites
(PDV and WS), reflecting an enhanced degree of microbial processing in post-incubation soil WEOM. By
contrast, changes in C3 indicate less protein-like fluorescent WEOM in post-incubation soil WEOM,
relative to pre-incubation soil WEOM in all samples except mid and late season ALD and PDD.
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Changes in absorbance properties (SUVA254 and SR) suggest that the structures that are labile
vary between the vegetated (C rich) soils, and the sparsely vegetated (C limited) soils. Average
aromaticity (indicated by SUVA254) is higher in post-incubation than pre-incubation soil WEOM from the
most vegetated (C-rich) sites, PDV and WS. Meanwhile, post-incubation average aromaticity (lower
SUVA254) in soil WEOM from ALD, MT, and PDD samples is lower than pre-incubation soil WEOM.
These changes in aromaticity suggest that aromatic DOM was labile, and therefore degraded and lost over
the incubation, at the more sparsely vegetated (C-limited) sites while non-aromatic DOM was labile at the
more vegetated (C-rich) sites. The loss of non-aromatic DOM would lead to a decrease in DOC
concentrations and an increase in SUVA254, since the index is normalized to DOC concentrations. It is
also possible, but less likely due to the hydrophobic nature of HMW aromatic DOM, that additional
aromatic DOM became water-soluble over the incubation period in the PDV and WS soils.
Uncertainties in SR (indicative of average DOM molecular weight) were high in many cases, but
general trends indicate decreasing average molecular weight in ALD, MT, and PDD soil WEOM between
pre- and post-incubation soils. This decrease in molecular weight indicates that high molecular weight
WEOM is degraded at these sites. There are also small decreases in average molecular weight in WS soil
WEOM from all sampling periods, despite increasing average aromaticity. This suggests a higher
proportion of LMW, yet aromatic WEOM. Decreases in SR in PDV soil WEOM indicate increased
average molecular weight which supports the interpretation that non-chromophoric, LMW DOM is labile
in these soils, leading to an increase in the relative proportion of HMW DOM remaining post-incubation.
Overall, optical properties suggest that protein-like fluorescent WEOM is readily degraded in
these soils. Additionally, absorbance properties indicate differences in the composition of labile WEOM
between C-limited (sparsely vegetated) and C-rich (highly vegetated) sites. Results from C-rich sites
indicate that aliphatic, non-chromophoric WEOM is labile, while at C-limited sites, HMW aromatic
CDOM is unexpectedly labile. Stronger contributions from protein-like WEOM, paired with increased
soil moisture and temperature provided by the incubation conditions, may stimulate the degradation of
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less labile HMW WEOM in C-limited soils. Subsequent increases in protein-like components in these
sites may reflect microbial growth over the incubation period. Future research with longer-term
incubations that compare the effects of differing environmental conditions (e.g., temperature and soil
moisture), may provide better insight into the role of WEOM in organic matter cycling in unvegetated
soils such as active layer disturbance scars and polar desert.
This study shows for the first time that the optical properties indicative of molecular structure in
WEOM can be linked to CO2-C respiration. In particular, the relationship between spectral slope ratio
(SR) and CO2-C respiration, paired with an observed decrease in HMW fluorescence components at Climited (sparsely vegetated) sites, suggests that HMW organic matter can labile in these systems and
contributes to overall CO2-C respiration in soils. Future research should focus on understanding how
environmental controls influence this relationship and how the relationships changes at differing time
scales. Integrating incubation results with microbiological data (e.g., community structure) will also
provide valuable insight into the lability of soil WEOM in High Arctic soils.

3.5 Conclusion
This study presents the first assessment of soil respiration paired with water extractable organic
matter optical properties in High Arctic mineral soils. Our results indicate that, in accordance with past
studies, CO2-C emissions from soils differ by vegetation type and are significantly correlated to WEOC
concentrations. Additionally, changes in WEOC concentrations over the incubation period account for up
to 60% of from soils suggesting that WEOC is the most labile fraction of DOM in these systems and
makes a strong contribution to overall C cycling. Optical properties analysis indicates that CO2-C
emissions and changes in WEOC concentrations between pre- and post-incubation soil WEOM are
significantly negatively correlated to initial molecular weight (indicated by the spectral slope ratio).
Optical properties also indicate differences in the molecular structure of labile WEOM between
vegetation types, with HMW, aromatic, terrestrially-derived WEOM degraded at sparsely vegetated sites
(PDD, ALD, and MT) and LMW, aliphatic WEOM degraded at more vegetated sites (PDV and WS).
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Differences in WEOM lability and CO2-C emissions between vegetation community, suggest that
vegetation community could be useful unit for upscaling C emissions data to larger High Arctic
landscapes. Meanwhile, the SR could be a used as a proxy of lability, instead of incubation studies, to
facilitate the collection of more spatially extensive data on soil WEOM lability and, in turn, further
inform upscaling efforts. With the insight into WEOM composition provided by this study, future
research should focus on how microbial community structure and changing incubation conditions may
control the role of WEOM in CO2-C release from soils.
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Figure 3-1. Map of the study site at the Cape Bounty Arctic Watershed
Observatory on Melville Island, Nunavut showing the five sampling locations; wet
sedge (WS), polar desert-desert (PDD), polar desert-vegetated (PDV), mesic tundra
(MT), and active layer detachment scar (ALD).
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Figure 3-2. Example study site photos from each land cover type: desert polar desert (PDD), vegetated
polar desert (PDV), mesic tundra (MT), wet sedge (WS), and active layer disturbance scar (ALD). Core
hole has a 5 cm diameter.
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Figure 3-3. Box and whisker plot of soil respiration (mg CO2-C/g soil C) for samples from each land
cover class (active layer disturbance - ALD; mesic tundra – MT; polar desert-desert – PDD; polar desertvegetated – PDV; wet sedge – WS) in the early, mid-, and late seasons (n=3, except late PDV n=2). Two
measurements with the same letter are significantly different (p<0.05). *Indicates significant differences
between seasons at the same site (p<0.05).
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Figure 3-4. a) Initial water extractable carbon filtered at 0.4 µm (WEOC04) expressed as mg of WEOC
per g of dry soil C. b) Percent difference between pre- and post-incubation WEOC04 (BWEOM04%).
Negative values represent a decrease in WEOC04 from pre- to post-incubation soils. Measurements with
the same letter are significantly different (p<0.05).
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Figure 3-5. Differences in WEOC
concentrations obtained from filtration through
0.4 µm pore size polycarbonate filters
(WEOC04) and through 0.7 µm pore size GF/F
type filters (WEOC07).

Figure 3-6. Parallel factor analysis (PARAFAC) component excitation (ex.) emission (em.) matrices (EEMs)
for a validated four component model.
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Figure 3-7. Relative percent contribution of each PARAFAC component (C1-C4) to total fluorescence in
pre-incubation soil WEOM. Bars represent early, mid-, and late season samples consecutively. There is
no data for late PDV due to model constraints.
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0.56 (0.06)
0.44 (0.04)
0.54 (0.01)

SR
Mid
Late
1.36 (0.09) 1.9 (0.2)
1.17 (0.00) 1.13 (0.1)
1.41 (0.04) 1.55 (0.04)
1.3 (0.1) 1.15 (0.06)
0.97 (0.04) 1.0 (0.1)

BIX
Mid
0.78 (0.04)
0.57 (0.05)
0.53 (0.05)
0.50 (0.03)
0.54 (0.03)

Table 3-1. Fluorescence index (FI), biological freshness index (BIX), humification index (HIX),
specific ultraviolet absorption at 254 nm (SUVA254), spectral slope ratio (SR), and absorbance at 350
nm (a350) for pre-incubation soil water extracts.

Early
1.3 (0.3)
8 (2)
1.1 (0.3)
6 (2)
2.5 (0.4)

Early
4 (2)
4 (1)
5 (1)
6 (3)
5 (0)

a350
Mid
1.1 (0.5)
3.2 (0.0)
0.9 (0.4)
1.4 (0.4)
1.8 (0.1)

HIX
Mid
4 (1)
4 (1)
3 (5)
9 (2)
10 (3)

Late
0.9 (0.3)
5.5 (0.8)
1.1 (0.3)
5 (2)
3.1 (0.2)

Late
5 (1)
7 (2)
4 (2)
4 (1)
5 (1)

Figure 3-8. Changes in the absolute value of each PARAFAC fluorescent component from the pre- to postincubation soil water extracts. Uncertainty is calculated as standard error of the mean for duplicate or
triplicate analysis. There is no data for late season PDV due to PARAFAC model constraints.
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Figure 3-9. Changes in fluorescence (BIX, HIX, FI) and absorbance (SUVA254, SR, a350) indices
between pre- and post-incubation water extracts.
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Chapter 4
Conclusion
This thesis presents two manuscripts in which the role of dissolved organic matter (DOM) as a
labile substrate for heterotrophic metabolism is explored in High Arctic ponds (Chapter 2) and soils
(Chapter 3) collected at the Cape Bounty Arctic Watershed Observatory on Melville Island, Nunavut.
There were three main objectives for this thesis:
1) Examine the lability of DOM in High Arctic pond waters in order to determine how lability
changes over the field season and between ponds disturbed by active layer detachments and
undisturbed ponds.
2) Assess the lability of WEOM in High Arctic surface soils and the CO2 emissions from these
soils in order to understand how organic matter quality and decomposition vary by vegetation
cover and over the course of the season.
3) Investigate the relationship between DOM/WEOM optical properties and lability.
We achieved these objectives through short-term incubation experiments of pond water and soils paired
with optical and chemical analysis of pond DOM (Chapter 2) or soil water-extractable organic matter
(WEOM; Chapter 3). The results of Chapter 2 indicate that DOM lability is generally higher in early
season pond samples than late season pond samples. Additionally, DOM lability differed between ponds,
but differences are attributed to thermal perturbation rather than physical disturbance (i.e., ALD). Finally,
optical properties indicate that high molecular weight (HMW), terrestrially-derived DOM is labile in
these systems. The results of Chapter 3 indicate that, as expected, CO2 emissions varied by land cover
class, but not over the course of the season. Changes in WEOC concentrations between pre- and postincubation soils were strongly correlated to CO2 emissions, and accounted for up to 60% of CO2-C
emissions overall. High percentage changes in WEOC concentrations between pre- and post-incubation
soils suggests that the OM extractable by water, and thus availability for in situ decomposition, is labile.
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Optical properties of the WEOM from pre- and post-incubation soils suggest that the molecular structure
of this labile WEOM varies between sparsely vegetated (C-limited) and highly vegetated (C-rich) soils. In
general, however, HMW DOM is more labile in soils.
Together, the two studies presented here highlight that while environmental conditions may
influence DOM lability through changes in inorganic N availability or DOM associations with fine
particulates, variables describing DOM molecular structure are still more strongly correlated to BDOC
than environmental variables such as dissolved inorganic N concentrations, electrical conductivity, or pH.
The contradicting effects of different environmental conditions, such as those seen between fine
particulate and elevated inorganic N concentrations in P3-D, make defining environmental controls on
lability difficult. Overall, the results of this study indicate that molecular structure, defined by easilymeasured absorbance indices, such as the specific UV absorption at 254 nm (SUVA254) and the spectral
slope ratio (SR), remain better predictors of BDOC.
The overarching goal of this study was to inform C cycling models in the High Arctic by
providing more accurate estimations of lability. The ponds sampled for Chapter 2 suggest that DOM
lability differs between ponds making upscaling based on this small dataset difficult. The pond DOM
lability, however, is strongly correlated to DOM aromaticity. To obtain a larger dataset for upscaling pond
DOM lability, a more spatially extensive sampling of ponds in the High Arctic with a focus on optical
properties such as SUVA254 (i.e., aromaticity) instead of time and resource-intensive incubation
experiments could provide a more accurate understanding of DOM lability at broader scales. Meanwhile,
in High Arctic soils, WEOM dynamics and CO2-C emissions differ by vegetation community, suggesting
that vegetation community data can be used to upscale soil DOM lability and C fluxes.
Future research should focus on better understanding the role of microbial communities in
lability. The studies presented in this thesis did not analyze microbial communities and it is unclear
whether they play a role in defining the molecular structure of labile DOM. For example, the microbial
community present may be specialized to degrade a certain DOM structure. Furthermore, microbial
110

access to DOM associated with fine particulate or colloids should be investigated. The integration of
incubation data with detailed analysis of microbiological community structure, and microbial access to
DOM, in High Arctic ponds and soils would provide important information on DOM lability.
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Appendix A
Supplementary Figures for Chapter 2

P1-D

P2

P3-D

P4

P5

P6

Figure A1. Photos of ponds sampled. Photo credits: S. Mcfadden (P1-D), M. Lafrenière (P2, P3-D, P5,
P6), and G. Thiel (P4). Scale bars are estimates.
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Table A1. UTM coordinates and sampling dates for each pond.

Pond
P1-D
P2
P3-D
P4
P5
P6

Date Sampled (mm/dd/yyyy)
Early
Late
07/12/2016
08/06/2016
07/24/2016
08/06/2016
07/12/2016
08/06/2016
07/17/2016
08/06/2016
07/12/2016
08/06/2016
07/24/2016
08/06/2016

UTM Coordinates
12X 541042 8315285
12X 541548 8314850
12X 541465 8314691
12X 541102 8314691
12X 541546 8314798
12X 541961 8313136
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Table A2. Water temperature, electrical conductivity (EC), and pH for each pond. Water temperature was
measured in situ while EC and pH were measured in the field laboratory.

Pond
P1-D
P2
P3-D
P4
P5
P6

Water Temp. (°C) ± 0.1
Early
Late
14.1
4.4
11.2
4.2
11.0
3.9
9.8
5.3
12.0
4.5
9.6
3.8

EC µS ± 2%/°C
Early
Late
658
718
424
665
1502
1415
1098
2647
208
360
326
389
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pH ± 0.1
Early
Late
7.63
8.03
7.76
7.92
8.39
8.56
8.73
8.51
8.19
7.94
7.62
7.47

Figure A2. Initial total dissolved nitrogen (TDN) concentrations in each pond
sample. Error bars are based on the standard error of the mean from duplicate or
triplicate analysis.
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Figure A3. Major (a) and minor (b) dissolved inorganic anion and cation concentrations for
each pond in the early and late sampling period. Error is based on within-run duplicates and
method check error.
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Table A3. PARAFAC component excitation and emission maxima and descriptions, based on referenced
literature.
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Figure A4. Loadings and leverages for the five component PARAFAC model used in this study.
Emission-excitation matrices were cut at to ex. 252-621 nm and em. 255-600 nm prior to PARAFAC
analysis.
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Table A4. Pearson correlation matrix using the full pond dataset. Bolded values are statistically significant.

Table A5. Pearson correlation coefficients between BDOC and changes in optical properties.

∆SUVA254 ∆a350
∆SR
∆FI
∆SUVA254
1
∆a350
.872**
1
∆SR
0.116
0.217
1
∆FI
.693*
.608*
-0.205
1
∆BIX
0.222
0.054
-0.061
0.163
*
∆HIX
0.380
0.432
.633
0.235
∆C1
-0.552
-0.505
-0.049
0.015
∆C2
-0.344
-0.243
0.022
0.102
∆C3
-0.452
-0.523
-0.082
0.084
∆C4
-0.075
-0.240
-0.366
0.004
∆C5
0.298
0.308
0.120
0.340
BDOC
0.369
-0.057
-0.396
0.373
**
∆TDN
0.228
0.054
-.745
0.285
**. Correlation is significant at the 0.01 level (2tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

∆BIX

∆HIX

∆C1

∆C2

∆C3

∆C4

∆C5

BDOC

1
-0.011
-0.272
-0.426
-0.146
-0.266
0.131
.605*
0.086

1
0.082
0.281
-0.005
-0.053
0.421
-0.084
-0.134

1
.748**
.895**
0.167
0.087
-0.207
-0.019

1
0.515
0.432
-0.076
-0.317
0.022

1
-0.077
0.334
-0.036
0.009

1
-.593*
0.269
0.490

1
0.082
0.017

1
0.434
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Appendix B
Instrument Specifications and Quality Assurance for Chapter 2

Table B1. Method detection limit (MDL), analytical error (reproducibility of method check), within-run
duplicate ratios, calibration range, and calibration curve linear correlation coefficient for both batches of
incubation experiments. The first batch consisted of all samples from the early sampling period while the
second batch consisted of all samples from the late sampling period.

MDL (mg/L)
Blank Average
MC CV%
Within Run Duplicates
Calibration Range (mg/L)
Calibration R2

1st Batch
NPOC
TDN
0.066
0.046
0.07
0.005
(2.83%) (8.14%)
1:5
1:5
0-40
0-10
>0.99
>0.99

2nd Batch
NPOC
TDN
0.058
0.048
0.06
0.009
(1.94%) (6.26%)
1:5
1:5
0-40
0-10
>0.99
>0.99

Table B2.
Cations
method detection limit (MDL, based on method check standard) and coefficient of variation (CV%) for
the method check (MC) standard, reproduced between runs.
MDL (mg/L)
MC CV%

Na+
0.3976
2.26%

NH4+
0.0353
3.98%

K+
0.0735
5.49%

Mg2+
0.421181
5.85%

Ca2+
0.522618
9.99%

Table B3. Anions method detection limit (MDL, based on method check standard) and coefficient of
variation (CV%) for the method check (MC) standard, reproduced between runs.
MDL (mg/L)
MC CV%

F0.0062
7.65%

Cl0.1187
8.20%

NO20.0284
6.27%
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Br0.0300
13.6%

NO30.4355
17.3%

SO420.0910
9.44%

Appendix C
Statistics for Chapter 2
Table C1. Model summary, ANOVA results, and coefficients for linear regression analysis in SPSS with
initial SUVA254 as the predictor and %BDOC as the dependent variable.
Model Summary
R

R2

Adjusted R2 Standard Error of the Estimate Durbin-Watson

0.790 0.624

0.587

0.417

2.520

ANOVA
Sum of Squares

df

Mean Square

Regression

2.886

1

2.886

Residual

1.736

10

.174

Total

4.621

11

F

Sig.

16.626 0.002

Coefficients
95% Confidence Interval for B
B
(Constant) 3.513
SUVA254

Std. Error Beta

t

0.191

18.372 0.000 3.087

3.939

-4.078

-0.329

-0.726 0.178

-0.790

Sig
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Lower Bound

0.002 -1.122

Upper Bound

Table C2. Results of a one-way ANOVA with repeated measures comparing BDOC between the early
and late sampling period.
Tests of Within-Subjects Effects
Type III Sum
of Squares

Source
Season

df

Mean Square

F

Sig.

Sphericity Assumed

1.140

1

1.140

1.104

.341

Greenhouse-Geisser

1.140

1.000

1.140

1.104

.341

Huynh-Feldt

1.140

1.000

1.140

1.104

.341

Lower-bound

1.140

1.000

1.140

1.104

.341

Error(Season) Sphericity Assumed

5.164

5

1.033

Greenhouse-Geisser

5.164

5.000

1.033

Huynh-Feldt

5.164

5.000

1.033

Lower-bound

5.164

5.000

1.033
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Appendix D
QAQC for Chapter 3
Table D1. Method detection limit (MDL), analytical error (reproducibility of method check), within-run
duplicate ratios, calibration range, and calibration curve linear correlation coefficient for both batches of
incubation experiments. The first batch consisted of all samples from the early sampling period while the
second batch consisted of all samples from the late sampling period.
Pre-Incubation

Post-Incubation

NPOC

TDN

NPOC

TDN

MDL (mg/L)

0.069

0.032

0.082

0.053

Blank Average

0.07

0.02

0.08

0.02

MC CV%

(5.73%)

(5.11%)

(6.28%)

(9.85%)

Within Run Duplicates

1:5

1:5

1:5

1:5

Calibration Range (mg/L)

0-50

0-2/0-8

0-15/0-50

0-2/0-8

>0.99

>0.99

>0.99

>0.99

2

Calibration R
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Within Run Duplicates
Calibration Range (mg)
No. Standards in Cal.
Calibration R2
Calibration RSD

Mineral Soil Standard (%)

Blank Average (%)

Aug. 2-3/2018
TOC
TN
0.036
0.001
1.05
12.29 (0.05)
(0.03)
1:5
1:5
10 - 200
10 - 200
13
11
0.9988
0.9998
1.837
1.239

Aug. 10/2018
TOC
TN
0.031
0.003
1.05
12.29 (0.05)
(0.03)
1:5
1:5
10 - 300
10 - 300
18
13
0.9996
0.9999
1.299
1.380

Aug. 15/2018
TOC
TN
0.04
0.006
1.05
12.29 (0.05)
(0.03)
1:5
1:5
10 - 200
10 - 200
15
8
0.9997
1.000
1.451
0.406

Table D2. Blank average, mineral soil standard specifications used for calibration, within-run duplicate ratios, calibration range, and
calibration specifications for soils analysis on a LECO TruSpec (LECO Corporation, St. Joseph, MI, USA).

Table D3. Replicate (rep) samples for which repeatability (CV%) exceeded 5% or standard
deviation (SD) exceeded 0.1 in carbon percent (C%) analysis on a LECO TruSpec. T2 and
T3 indicate the mid- or late sampling period, respectively. The final number (1, 2, 3)
indicates the triplicate number and ‘B’ indicates post-incubation sample.

ALD_T3_2B
MT_T3_1
MT_T3_2
PDV_T2_2
PDV_T2_3

Rep. 1
1.00
2.85
3.54
1.64
2.09

Carbon (C) %
Rep. 2
Rep 3.
0.85
3.42
3.95
1.82
1.88
1.91
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Rep 4.

1.61

CV%
10.89
12.90
7.68
7.58
6.41

SD
0.10
0.40
0.29
0.13
0.13

Figure D1. Loadings and leverages plot for a validated four component PARAFAC model for
soils (n=79).

127

Appendix E
Supplementary Figures for Chapter 3
Table E1. In situ soil temperature and volumetric soil moisture (%). Uncertainty is reported as standard
error of the mean from triplicate analysis.

ALD
MT
PDD
PDV
WS

Soil Temperature (°C)
Early
Mid
Late
1.4 (0.8)
3.8 (0.1)
4.0 (0.2)
10.0 (0.1)
3.8 (0.1)
2.6 (0.1)
9.8 (0.1)
4.9 (0.1)
2.7 (0.1)
7.1 (0.3)
4.5 (0.1)
2.0 (0.0)
4.6 (0.8)
2.6 (0.2)
2.3 (0.2)

Volumetric Soil Moisture(%)
Early
Mid
Late
30 (3)
18.2 (0.9)
13.5 (0.7)
65 (5)
32 (2)
26 (3)
10.8 (0.3)
8.7 (0.5)
8.3 (0.9)
42 (3)
26 (2)
22 (3)
55 (4)
57 (4)
58 (4)

Table E2. Electrical conductivity (EC) and pH measurements for pre-incubation (a) and post-incubation
(b) soil water extracts. Uncertainty is reported as standard error of the mean from triplicate analysis.
a
Electrical Conductivity (µS)

pH

Early

Mid

Late

Early

Mid

Late

ALD

167 (26)

284 (89)

288 (71)

8.5 (0.1)

8.4 (0.1)

8.4 (0.1)

MT

25 (4)

18 (1)

23 (4)

7.1 (0.1)

7.0 (0.1)

7.1 (0.1)

PDD

37 (2)

93 (27)

60 (4)

8.4 (0.0)

8.3 (0.0)

8.1 (0.1)

PDV

57 (2)

125 (40)

64 (13)

7.2 (0.3)

7.2 (0.1)

6.9 (0.1)

WS

8 (1)

9 (3)

6 (1)

5.6 (0.0)

5.6 (0.1)

5.8 (0.1)

b
Electrical Conductivity (µS)

pH

Early

Mid

Late

Early

Mid

Late

ALD

146 (17)

280 (90)

230 (59)

9.0 (0.1)

8.9 (0.2)

8.9 (0.1)

MT

24 (9)

17 (3)

20 (4)

7.1 (0.3)

7.1 (0.1)

7.2 (0.0)

PDD

35 (1)

87 (33)

57 (14)

8.9 (0.1)

8.7 (0.2)

8.9 (0.1)

PDV

61 (16)

131 (38)

93 (29)

7.1 (0.3)

7.1 (0.1)

8.6 (0.0)

WS

4.7 (0.4)

6 (1)

10 (6)

5.9 (0.1)

5.7 (0.1)

7.0 (0.1)
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Table E3. UTM coordinates and sampling dates for the five land cover classes included in this study:
active layer detachment scar (ALD), mesic tundra (MT), desert polar desert (PDD), vegetated polar desert
(PDV), and wet sedge (WS).
Site
ALD
MT
PDD
PDV
WS

Sampling Period Date
Early
Mid
Late
Jul-05
Jul-21
Aug-07
Jul-05
Jul-21
Aug-07
Jul-03
Jul-21
Aug-07
Jul-03
Jul-21
Aug-07
Jul-05
Jul-21
Aug-07

UTM Coordinates
12X 0541061 8315281
12X 0541015 8314644
12X 0540651 8313984
12X 0540651 8313984
12X 0541797 8314171
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Table E4. PARAFAC component maximum emission and excitation wavelengths (λ), component
descriptions, and references to literature with similar components for the validated four component
model.
Max
Max
Excitation
Emission
Wavelength Wavelength
(nm)
(nm)

Description

References

Coble (1996); Cory & Mcknight (2005);
Fellman et al. (2010); Tfaily et al. (2015);
Fouché et al. (2017)

C1

258/330

437

UVA humic-like,
LMW, marine- or
terrestrially-derived,
microbial

C2

261

490

UVC humic-like,
HMW, aromatic

C3

258

394

Protein-like/humiclike

C4

303

564

Semiquinone-like,
aromatic, HMW
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Coble (1996); Fellman et al. (2010); Mann et
al. (2016); Fouché et al. (2017); Wang et al.
(2018)
Coble (1996); Cory & Mcknight (2005); Tfaily
et al. (2015); Fellman et al. (2010); Mann et al.
(2016); Fouché et al. (2017); Wang et al.
(2018)
Cory & Mcknight (2005); Fouché et al. (2017)

Figure E1. Component emission excitation matrices (EEMs) for an unvalidated parallel factor
(PARAFAC) model.

Component 1

Component 2

Component 3

Component 4

Component 5
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Table E5. PARAFAC component maximum emission and excitation wavelengths (λ), component
descriptions, and references to literature with similar components for the unvalidated five component
model.
Max
Max
Excitation
Emission
Wavelength Wavelength
(nm)
(nm)
C1

258

490

C2

333

444

C3

258

401

C4

303/435

564

C5

282

336

Description

References

UVC humic-like,
HMW, aromatic
UVC humic-like,
HMW, terrestrial
UVA humic-like,
LMW, microbial,
marine or
terrestrial
Semiquinone-like,
aromatic, HMW
Tryptophan-like,
less degraded
protein

Coble (1996); Fellman et al. (2010); Mann et al.
(2016); Fouché et al. (2017); Wang et al. (2018)
Coble (1996); Fellman et al. (2010); Mann et al.
(2016); Fouché et al. (2017); Wang et al. (2018)
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Coble (1996); Cory & Mcknight (2005); Fellman
et al. (2010); Tfaily et al. (2005); Fouché et al.
(2017)
Cory & Mcknight (2005); Fouché et al. (2017)
Coble (1996); Cory & Mcknight (2005); Fellman
et al. (2010); Mann et al. (2016); Fouché et al.
(2017); Wang et al. (2018)

Table E6. Pearson correlation coefficients for soil respiration and changes in water-extractable organic
carbon between pre- and post-incubation soils (BWEOC%).

C
BWEOC% BWEOC%
Respiration
(0.4 µm)
(0.7 µm)
SUVA254
BIX
FI
Soil Temp
Volumetric Moisture
C Respiration
Total C
Gravimetric Moisture
WEOC (0.4 µm)
WEOC (0.7 µm)
WE-TDN (0.4 µm)
WE-TDN (0.7 µm)
BWEOC% (0.4 µm)
BWEOC% (0.7 µm)
EC
pH
C1%
C2%
C3%
C4%
N-NO3N-NH4+
SO42HIX
a350
SR
WEOC:WETDN (0.4)
WEOC:WETDN (0.7)

-0.043
-0.348
.562*
0.050
.708**
1
.768**
.878**
.729**
.724**
.546*
.514*
.724**
0.401
-0.477
-0.029
.636*
-0.478
-0.517
0.349
-0.067
0.088
-0.499
-0.041
.825**
-.673**
0.338
.571*

-0.436
-0.513
0.357
-0.054
.691**
.724**
.763**
.797**
.866**
.531*
0.490
0.200
1
0.345
-.629*
-0.422
.801**
-.580*
-.622*
0.342
-0.276
-0.052
-.578*
0.219
.711**
-.666**
.576*
.730**

** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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-0.151
-.641*
.518*
0.387
0.120
0.401
0.423
0.225
0.420
0.136
-0.078
-0.202
0.345
1
-0.500
0.066
0.415
0.049
-.659*
.558*
-.533*
-0.249
-0.414
0.040
0.404
-0.422
.553*
.671**

Appendix F
Statistics Details for Chapter 3
Table F1. One-way ANOVA (a) and post-hoc Tukey test results (b) for early season differences in CO2C respiration between land cover classes. *Indicates mean difference is significant at the 0.05 level.
a. ANOVA
Sum of Squares

df

Mean Square

F

Sig.

Between Groups

1.884

4

.471

40.433

.000

Within Groups

.117

10

.012

Total

2.001

14

b. Post- Hoc Tukey Test Results
95% Confidence Interval
(I) Site
ALD

MT

PDD

PDV

(J) Site
MT
PDD

Sig.
Lower Bound
.000
-1.1193
.666
-.1706

Upper Bound
-.5392
.4095

PDV

-.49719*

.08813

.002

-.7872

-.2071

WS

-.06955

.08813

.928

-.3596

.2205

ALD
PDD

.82929*
.94872*

.08813
.08813

.000
.000

.5392
.6587

1.1193
1.2388

PDV

.33210*

.08813

.024

.0421

.6221

WS

*

.75974

.08813

.000

.4697

1.0498

ALD
MT

-.11943
-.94872*

.08813
.08813

.666
.000

-.4095
-1.2388

.1706
-.6587

PDV

-.61661*

.08813

.000

-.9067

-.3266

WS

-.18897

.08813

.274

-.4790

.1011

ALD

.49719*

.08813

.002

.2071

.7872

*

.08813

.024

-.6221

-.0421

.61661*

.08813

.000

.3266

.9067

WS

*

.42764

.08813

.005

.1376

.7177

ALD
MT

.06955
-.75974*

.08813
.08813

.928
.000

-.2205
-1.0498

.3596
-.4697

PDD

.18897

.08813

.274

-.1011

.4790

PDV

*

.08813

.005

-.7177

-.1376

MT
PDD
WS

Mean
Difference (I-J) Std. Error
-.82929*
.08813
.11943
.08813

-.33210

-.42764
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Table F2. One-way ANOVA (a) and post-hoc Tukey test results (b) for mid-season differences in CO2-C
respiration between land cover classes. *Indicates mean difference is significant at the 0.05 level.
a. ANOVA
Between Groups

Sum of Squares
1.206

df
4

Mean Square
.301

Within Groups
Total

.351
1.556

10
14

.035

F
8.595

Sig.
.003

b. Post- Hoc Tukey Test Results
95% Confidence Interval
(I) Site
ALD

MT

PDD

PDV

WS

(J) Site
MT
PDD

Mean
Difference (I-J) Std. Error
-.68675*
.15289
.11471
.15289

Sig.
Lower Bound
.008
-1.1899
.939
-.3885

Upper Bound
-.1836
.6179

PDV

-.37268

.15289

.182

-.8759

.1305

WS

-.27652

.15289

.420

-.7797

.2267

ALD
PDD

.68675*
.80146*

.15289
.15289

.008
.003

.1836
.2983

1.1899
1.3046

PDV

.31408

.15289

.309

-.1891

.8173

WS

.41024

.15289

.127

-.0929

.9134

ALD
MT

-.11471
-.80146*

.15289
.15289

.939
.003

-.6179
-1.3046

.3885
-.2983

PDV

-.48739

.15289

.059

-.9906

.0158

WS

-.39123

.15289

.153

-.8944

.1120

ALD

.37268

.15289

.182

-.1305

.8759

MT

-.31408

.15289

.309

-.8173

.1891

PDD

.48739

.15289

.059

-.0158

.9906

WS

.09616

.15289

.967

-.4070

.5993

ALD
MT

.27652
-.41024

.15289
.15289

.420
.127

-.2267
-.9134

.7797
.0929

PDD

.39123

.15289

.153

-.1120

.8944

PDV

-.09616

.15289

.967

-.5993

.4070
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Table F3. One-way ANOVA (a) and post-hoc Tukey test results (b) for late season differences in CO2-C
respiration between land cover classes. *Indicates mean difference is significant at the 0.05 level.
a. ANOVA
Between Groups

Sum of Squares
1.510

df
4

Mean Square
.377

Within Groups
Total

.076
1.585

9
13

.008

F
44.820

Sig.
.000

b. Post- Hoc Tukey Test Results
95% Confidence Interval
(I) Site
ALD

MT

PDD

PDV

WS

(J) Site
MT
PDD

Mean
Difference (I-J) Std. Error
-.52701*
.07492
.20151
.07492

Sig.
Lower Bound
.000
-.7789
.133
-.0504

Upper Bound
-.2751
.4535

PDV

-.42940*

.08377

.004

-.7111

-.1477

WS

-.62370*

.07492

.000

-.8756

-.3718

ALD
PDD

.52701*
.72852*

.07492
.07492

.000
.000

.2751
.4766

.7789
.9805

PDV

.09760

.08377

.770

-.1841

.3793

WS

-.09670

.07492

.703

-.3486

.1552

ALD
MT

-.20151
-.72852*

.07492
.07492

.133
.000

-.4535
-.9805

.0504
-.4766

PDV

-.63092*

.08377

.000

-.9126

-.3492

WS

-.82522*

.07492

.000

-1.0772

-.5733

ALD

.42940*

.08377

.004

.1477

.7111

MT

-.09760

.08377

.770

-.3793

.1841

PDD

.63092*

.08377

.000

.3492

.9126

WS

-.19430

.08377

.223

-.4760

.0874

ALD
MT

.62370*
.09670

.07492
.07492

.000
.703

.3718
-.1552

.8756
.3486

PDD

.82522*

.07492

.000

.5733

1.0772

PDV

.19430

.08377

.223

-.0874

.4760
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Table F4. Model summary (a), ANOVA summary (b), and coefficients (c) for a linear regression
between CO2-C emission and WEOM spectral slope ratio (SR).
a. Model Summary
R

R2

.667 .445

Adjusted R2 Standard Error of the Estimate
.399

.26505

b. ANOVA
Sum of Squares

df

Mean Square

Regression

.676

1

.676

Residual

.843

12

.070

Total

1.519

13

F

9.625 .009

c. Coefficients

B
(Constant) 1.096
SR

Std. Error Beta

t

Sig

.111

9.875

.000

-2.671 .861
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Sig.

-.667 -3.102 .009

Table F5. Model summary (a), ANOVA summary (b), and coefficients (c) for a linear regression
between CO2-C emission and gravimetric moisture and pH.
a. Model Summary
R

R2

.920 .846

Adjusted R2 Standard Error of the Estimate
.818

.14584

b. ANOVA
Sum of Squares

df

Mean Square

Regression

1.285

2

.643

Residual

.234

11

.021

Total

1.519

13

F

Sig.

30.216 .000

c. Coefficients
B
(Constant)

Std. Error Beta t

-1.943 .639

Sig

-3.039 .011

Gravimetric Moisture 1.140

.147

.971

7.773

.000

pH

.642

.297

2.375

.037

1.524
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Table F6. One-way ANOVA (a) and post-hoc Tukey test results (b) for early season differences in
WEOC04 between land cover classes. *Indicates mean difference is significant at the 0.05 level.
a. ANOVA
Between Groups

Sum of Squares
1.180

df
4

Mean Square
.295

Within Groups
Total

.849
2.029

10
14

.085

F
3.477

Sig.
.050

b. Post- Hoc Tukey Test Results
95% Confidence Interval
(I) Site
ALD

MT

PDD

PDV

WS

(J) Site
MT
PDD

Mean
Difference (I-J) Std. Error
-.42849
.23786
.17690
.23786

Sig.
Lower Bound
.423
-1.2113
.941
-.6059

Upper Bound
.3543
.9597

PDV

-.51342

.23786

.269

-1.2962

.2694

WS

-.46785

.23786

.346

-1.2507

.3150

ALD
PDD

.42849
.60539

.23786
.23786

.423
.156

-.3543
-.1774

1.2113
1.3882

PDV

-.08493

.23786

.996

-.8677

.6979

WS

-.03936

.23786

1.000

-.8222

.7434

ALD
MT

-.17690
-.60539

.23786
.23786

.941
.156

-.9597
-1.3882

.6059
.1774

PDV

-.69032

.23786

.091

-1.4731

.0925

WS

-.64475

.23786

.122

-1.4276

.1381

ALD

.51342

.23786

.269

-.2694

1.2962

MT

.08493

.23786

.996

-.6979

.8677

PDD

.69032

.23786

.091

-.0925

1.4731

WS

.04557

.23786

1.000

-.7372

.8284

ALD
MT

.46785
.03936

.23786
.23786

.346
1.000

-.3150
-.7434

1.2507
.8222

PDD

.64475

.23786

.122

-.1381

1.4276

PDV

-.04557

.23786

1.000

-.8284

.7372
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Table F7. One-way ANOVA (a) and post-hoc Tukey test results (b) for mid-season differences in
WEOC04 between land cover classes. *Indicates mean difference is significant at the 0.05 level.
a. ANOVA
Between Groups

Sum of Squares
1.018

df
4

Mean Square
.255

Within Groups
Total

.287
1.305

10
14

.029

F
8.877

Sig.
.003

b. Post- Hoc Tukey Test Results
95% Confidence Interval
(I) Site
ALD

MT

PDD

PDV

WS

(J) Site
MT
PDD

Mean
Difference (I-J) Std. Error
-.32139
.13828
-.02232
.13828

Sig.
Lower Bound
.214
-.7765
1.000
-.4774

Upper Bound
.1337
.4328

PDV

-.32054

.13828

.216

-.7756

.1345

WS

-.71745*

.13828

.003

-1.1725

-.2624

ALD
PDD

.32139
.29908

.13828
.13828

.214
.268

-.1337
-.1560

.7765
.7542

PDV

.00085

.13828

1.000

-.4542

.4559

WS

-.39606

.13828

.097

-.8511

.0590

ALD
MT

.02232
-.29908

.13828
.13828

1.000
.268

-.4328
-.7542

.4774
.1560

PDV

-.29822

.13828

.270

-.7533

.1569

WS

-.69514*

.13828

.004

-1.1502

-.2401

ALD

.32054

.13828

.216

-.1345

.7756

MT

-.00085

.13828

1.000

-.4559

.4542

PDD

.29822

.13828

.270

-.1569

.7533

WS

-.39692

.13828

.096

-.8520

.0582

ALD
MT

.71745*
.39606

.13828
.13828

.003
.097

.2624
-.0590

1.1725
.8511

PDD

.69514*

.13828

.004

.2401

1.1502

PDV

.39692

.13828

.096

-.0582

.8520
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Table F8. One-way ANOVA (a) and post-hoc Tukey test results (b) for late season differences in
WEOC04 between land cover classes. *Indicates mean difference is significant at the 0.05 level.
a. ANOVA
Between Groups

Sum of Squares
1.468

df
4

Mean Square
.367

Within Groups
Total

.434
1.902

10
14

.043

F
8.446

Sig.
.003

b. Post- Hoc Tukey Test Results
95% Confidence Interval
(I) Site
ALD

MT

PDD

PDV

WS

(J) Site
MT
PDD

Mean
Difference (I-J) Std. Error
-.39363
.17020
.00000
.17020

Sig.
Lower Bound
.218
-.9538
1.000
-.5601

Upper Bound
.1665
.5601

PDV

-.57076*

.17020

.045

-1.1309

-.0106

WS

-.79011*

.17020

.006

-1.3502

-.2300

ALD
PDD

.39363
.39363

.17020
.17020

.218
.218

-.1665
-.1665

.9538
.9538

PDV

-.17713

.17020

.831

-.7373

.3830

WS

-.39648

.17020

.213

-.9566

.1636

ALD
MT

.00000
-.39363

.17020
.17020

1.000
.218

-.5601
-.9538

.5601
.1665

PDV

-.57076*

.17020

.045

-1.1309

-.0106

WS

-.79011*

.17020

.006

-1.3502

-.2300

ALD

.57076*

.17020

.045

.0106

1.1309

MT

.17713

.17020

.831

-.3830

.7373

PDD

.57076*

.17020

.045

.0106

1.1309

WS

-.21935

.17020

.703

-.7795

.3408

ALD
MT

.79011*
.39648

.17020
.17020

.006
.213

.2300
-.1636

1.3502
.9566

PDD

.79011*

.17020

.006

.2300

1.3502

PDV

.21935

.17020

.703

-.3408

.7795
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Table F9. Model summary (a), ANOVA summary (b), and coefficients (c) for a linear regression
between pre- to post-incubation changes in WEOC04 and the relative contribution of C1 to total
fluorescence.
a. Model Summary
R2

R

Adjusted R2 Standard Error of the Estimate

.728 .530

.491

.10662

b. ANOVA
Sum of Squares

df

Mean Square

Regression

.154

1

.154

Residual

.136

12

.011

Total

.290

13

F

13.535 .003b

c. Coefficients

B
(Constant) .251
SR

Std. Error Beta t

Sig

.496

.621

1.297 .352
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.507
.728

Sig.

3.679 .003

